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nanostructures	 in	 order	 to	 accelerate	 the	 knowledge	 of	 biomolecular-biological	
processes,	 to	 improve	 the	 efficiency	 of	 disease	 therapeutics	 and	 to	 develop	 novel	
diagnostic	 techniques.	 	 In	 the	 present	 work,	 three	 aspects	 related	 to	 the	 use	 of	
nanoparticles	 (NPs)	 in	biomedical	 applications	have	been	 investigated.	Overall,	NPs	




drug	 delivery	 and	 (III)	 they	 have	 been	 used	 as	 proxy	 for	 the	 evaluation	 of	 a	 novel	
storage	method	to	retain	long-term	colloidal	stability	of	NPs	suspensions.	
	




was	 evaluated.	 ‘Nanoprobes’	were	 then	 developed	 by	 functionalising	 the	 surface	 of	
particles	 (silica,	 gold	 nanoparticles	 and	 streptavidin-coated	 magnetic	 nanoparticle)	





were	 synthesised	 from	 tetraethyl	 orthosilicate	 (TEOS)	 and	 ethyl	 triethoxysilane	
(ETEOS)	using	different	ratios	of	the	two	precursors.		The	degradation	and	model-drug	
release	profiles	from	the	NPs	were	analysed	in	the	context	of	oral	drug	delivery.	The	
NPs	were	exposed	to	pH’s	 found	 in	 the	GI	 tract	and	 indicated	that	silica	NPs	can	be	
suitable	 carriers	 as	 they	 avoided	degradation	 at	 pH4	 found	 in	 the	 fed	 stomach	 and	
began	releasing	model-drug	in	small	intestine-like	pH’s	(pH6	and	pH7.4).	It	was	also	
shown	that	covalently	binding	model-drug	(fluorescein	isothiocyante)	inside	the	NPs	
led	 to	 greater	 molecule	 retention	 inside	 the	 NPs	 over	 time	 compared	 to	 those	






III)	Finally,	we	addressed	 the	colloidal	 stability	 issues	 that	are	still	 limiting	 the	real	
application	of	nanoparticles	on	the	market.	With	this	aim,	a	novel	approach	to	stabilise	
nanoparticles	 during	 storage	 was	 explored.	 By	 trapping	 the	 NPs	 in	 the	 matrix	 of	 a	
reversible	 hydrogel	 we	 showed	 that	 the	 physico-chemical	 proprieties	 are	 better	
maintained	over	time	compared	to	NPs	stored	in	solution.	In	vitro	and	ex	ovo	assays	
proved	that	the	gel-NPs	were	non-toxic	and	suggested	that	NPs	stored	in	gel	can	be	
used	 for	 biological	 experimentations	 without	 require	 further	 purification	 steps.	
Studies	 of	 gel	 strength	 allow	 considering	 the	 proposed	 method	 as	 a	 promising	
alternative	 to	 the	 storage	 techniques	 currently	 available,	 such	as	 surface-coating	or	
lyophilisation	methods.	The	evaluation	of	the	efficiency	and	versatility	of	the	proposed	
storage	method	has	been	recently	published.				
Overall	 the	 applicability	 of	 NPs	 as	 platform	 for	 bacterial	 detection,	 for	 oral	 drug	
delivery	have	been	evaluated	and	a	novel	versatile	and	efficient	approach	to	stabilise	
NPs	in	suspension	during	storage	have	been	developed	and	evaluated.	 	The	findings	






























































































































































Figure	 1:	 Schematic	 representation	 of	 the	 development	 of	 nanotechnology	 which	
allowed	 understanding	 and	 control	 of	 matter	 at	 the	 nanoscale.	 By	 applying	 the	






to	 the	 tumour	 and	 miR34a	 was	 confirmed	 to	 be	 effective	 in	 reducing	 the	 tumour	
growth.	Adapted	from	reference6.	.........................................................................................................	4	
Figure	3:	 i)	Designed	QDs	 that	 have	been	 conjugated	with	 specific	 antibody	 for	 the	
prostate-specific	membrane	antigen	(PSMA).	ii)	Shows	the	fate	of	particles	differently	
functionalised	QDs-PSMA	interacts	with	the	specific	cell	(a)	and	do	not	interact	with	
other	 cells	 (b)	 while	 if	 functionalised	 with	 PEG	 (c)	 do	 not	 interact	 with	 the	 cells.	
Adapted	from	reference10.	........................................................................................................................	5	
Figure	4:	Fluorescent	silica	NPs	(RBITC-DSFNPs)	for	early-stage	apoptosis	detection	
and	 imaging.	 RBITC-DSFNPs	 were	 loaded	 with	 rhodamine	 B	 isothiocyanate	 for	
























magnetic	 properties.	 Adapted	 from	 reference27	 .	 	 B)	 SEM	 image	 of	 polymeric	
nanocapsules	lyophilised	using	5%	w/v	of	PVA	partially	included	in	a	PVA	film	after	
reconstitution.	Adapted	from	reference28.	.....................................................................................	11	
Figure	9:	Thesis	 structure.	The	 thesis	addresses	 three	main	 topics	all	 related	 to	 the	
nanomedicine	..............................................................................................................................................	12	
Figure	 10:	 Schematic	 representation	 of	 biosensor.	 The	 biosensor	 is	 formed	 by	 the	
transducer,	which	emit	a	measurable	signal	when	the	recognition	part	of	the	biosensor	
interacts	with	the	analyte	signalling	the	recognition	event.	...................................................	15	





a	 measurable	 signal.	 In	 direct	 detection	 it	 is	 effectively	 the	 interaction	 between	
recognition	element	and	analyte	which	is	transduced.	.............................................................	18	
Figure	 13:	 Switchable	 fluorescent	 probes	 indicate	 the	 presence	 of	 the	 analyte	 by	
changing	 in	 the	 fluorescent	 properties	 of	 the	 transducer.	 Normally	 the	 signal	 is	
quenched,	 but	 once	 the	 analyte	 is	 recognised,	 the	 signal	 increases	 due	 to	 physio-
chemical	changes,	which	occur	in	the	transducer’s	structure.	..............................................	19	
Figure	14:	 Schematic	 representation	of	 the	mechanism	by	which	 switchable	probes	
switch	to	the	“on	state”	emitting	fluorescence:	the	recognition	part	is	recognised	by	a	






the	 lactone	 in	 the	 coumarin	 structure	 locks	 the	 compound	 into	 a	 favourable	
conformation	giving	to	the	compound	high	photostability.	....................................................	23	









Figure	 19:	 Six	 different	 classes	 of	 chromogens	 which	 have	 been	 synthesised	 and	











μM	 in	water	 (pH	6.5).	The	 fluorescent	 spectrums	were	obtained	using	as	excitation	













increase	of	 absorbance,	 therefore	an	 increase	of	opacity	of	 the	 sample,	 indicates	an	
increase	of	cell	number	in	the	sample.	.............................................................................................	53	






















Figure	 35:	 Michaelis-Menten	 kinetic	 allows	 to	 determine	 values	 which	 indicate	 the	
affinity	of	the	substrate	for	β-glucosidase.	.....................................................................................	63	
Figure	36:	50	μM	of	β-AAUG	were	treated	with	75,	20	and	1	CFU/mL	of	each	type	of	










bacteria	 (i-v).	 In	 graph-s	 are	 compered	 the	 curves	 obtained	 for	 the	 detection	 of	 1	
CFU/mL	of	each	bacteria	 (scale	 fixed	at	60000	A.U.).	Data	are	presented	as	average	
values	±	SD	(n=3).	......................................................................................................................................	69	
Figure	 39:	 Differences	 between	 a	 hyperbolic	 and	 sigmoidal	 function.	 Adapted	 from	
reference113.	.................................................................................................................................................	72	
Figure	40:	Schematic	representation	of	the	different	sensitivity	between	the	antibody-
mediated	 detection	 and	 the	 enzymatic-mediated	 detection.	 A	 single	 bacterium	 can	




Figure	 42:	 Linear	 approach	 for	 the	 nanoprobe	 design.	 In	 this	 approach,	 the	 SiNPs	
surface	is	functionalised	firstly	with	4-AAU	by	coupling	reaction	(i).	Subsequently	they	
are	 treated	with	aceto-α-D-glucopyranoside	bromide	(ii)	which	 is	 then	deacetylated	
(iii).	...................................................................................................................................................................	90	




Figure	 44:	 The	 secondary	 product	 a)	 has	 been	 isolated	 and	 characterised.	 The	
formation	of	the	other	compounds	have	been	only	hypothesised.	b)	Could	be	achieved	
after	opening-closing	of	the	lactone	group	in	acidic	or	basic	environment,	while	c)	and	















Figure	 48:	 Inhibitory	 effects	 of	 the	 particles	 on	 the	 enzyme-substrate	 recognition	
event.	 	 The	 activity	 of	 the	 enzyme	 α-glucosidase	 (100	 μg/mL)	 in	 processing	 the	
substrate	α-4-MUD	(50	mM)	when	particles	are	absent	(red	line)	is	compared	with	its	





(c)	 SiNPs	 at	 different	 concentrations	 (black	 lines	 -	 higher	 concentration	 tested:	 1	






Figure	 51:	 The	 increase	 of	 fluorescence	 was	 measured	 for	 the	 particles	 at	 each	
concentration	 100,	 50,	 25	 µM	 was	 normalised	 considering	 the	 hydrolysis	 that	
spontaneously	 occurred	 in	 aqueous	 environment.	 Glu-5-strpt-MPs	 treated	 with	 α	
(green	 lines)	and	β-glucosidase	(purple	 lines).	Values	are	reported	as	average	±	SD,	
n=3.	................................................................................................................................................................	104	
Figure	 52:	 Increase	 of	 fluorescence	 was	 measured	 for	 the	 particles	 at	 each	






Figure	 53:	 Increase	 of	 fluorescence	 was	 measured	 for	 the	 particles	 at	 each	
concentration	 100,	 50,	 25	 µM	 was	 normalised	 considering	 the	 hydrolysis	 that	
spontaneously	occurred	in	aqueous	environment.	No	relevant	increase	in	fluorescence	











close	 proximity	 to	 the	 target;	 (ii)	 attach	 the	 membrane	 of	 the	 cell	 acting	 as	 an	
extracellular	 sustained-release	drug	depot;	 (iii)	be	 internalise	 into	 the	cell.	Adapted	
from	reference178.	....................................................................................................................................	119	
Figure	58:	a)	HA-NPs	kinetic	release	of	insulin	over	time	when	exposed	at	pH	1.2	and	
subsequently	 pH6.8	mimicking	 the	 environments	 of	 the	GI	 tract.	 b)	 Plasma	 glucose	
level	(%	of	initial):	insulin-loaded	HA-NPs	administered	orally	(black	line)	showed	to	
reduce	and	maintain	constant	 the	 level	of	glucose	 in	a	more	desired	way	compared	
with	insulin	solution	administered	orally	(red	line)	or	subcutaneously	injected	(blue	
line).	Adapted	from	reference186.	......................................................................................................	120	









the	 brighter	 signal	 in	 the	 tumour	 which	 indicates	 a	 better	 internalisation	 of	 the	
particles.	Adapted	from	reference216.	.............................................................................................	123	




different	 efficiency	 of	 the	 anticancer	 drug	 comptothecin	 (CPT)	 when	 loaded	 in	
mesoporous	SiNPs	(MSN/CPT)	or	in	mesoporous	SiNPs	functionalised	with	folic	acid	
(FMSN/CPT).	A)	no	increase	of	weight	is	measured	with	all	type	treatment	but	using	
FMSN/CPT	 the	 volume	 of	 the	 tumour	 decreased	 visibly	 after	 14	 days	 (B	 and	 C).	
Adapted	from	reference245.	.................................................................................................................	127	
Figure	63:	TEM	images	of	non-porous/microporous	SiNPs	on	the	left	and	mesoporous	
SiNPs	(MSN)	on	 the	right	highlighting	 the	difference	 in	 the	matrix	between	 the	 two	
well-known	types	of	SiNPs.	TEM	of	SiNPs	is	a	self-acquired	image	while	TEM	of	MSN	is	
adapted	from	reference90.	....................................................................................................................	128	






















SiNP100ETEOS	 presents	 different	 populations	 of	 particles	 having	 different	 dimeter	
compared	with	the	other	particles	synthesised.	b)	Normal	distribution	determined	for	
each	sample	analysing	TEM	images.	...............................................................................................	143	






















Figure	 75:	 Kinetic	 release	 determined	 for	 each	 SiNPs	 type	 when	 incubated	 under	
agitation	at	pH	6.	When	expose	to	this	condition	some	differences	between	the	different	









SiNP100TEOS	FITC-SiNP100ETEOS	highlighting	 the	hollowing	process	 in	 the	 first	case	and	
the	dissolution	in	the	latter.	................................................................................................................	156	



































Figure	95:	The	 figure	 shows	 the	possible	 fate	 of	monodisperse	NPs	 after	 synthesis.
..........................................................................................................................................................................	177	
Figure	 96:	 Representation	 of	 Brownian	 motion	 of	 particles.	 Each	 particle	 moves	



















Figure	 102:	 Two	 examples	 of	 steric	 stabilisation	 of	 NPs.	 a)	 mesoporous	 silica	
nanoparticles	 have	 been	 stabilised	 with	 lipids;	 DLS	 measurements	 and	 visual	
xxii	
	
evaluation	 of	 samples	 proved	 the	 stabilisation	 effect	 reached	 in	 PBS.	Adapted	 from	
reference298.	 b)	 The	 graph	 shows	 that	 the	 stabilization	 effect	 increases	 with	 the	
increase	of	the	BSA	adsorbed	on	the	SiNPs	surface.	Adapted	from	reference295.	.......	184	
Figure	 103:	 a)	 Surface	 alteration	 induced	 by	 cryoprotectants	 on	 the	 nanoparticle	
surfaces.	b)	Reconstitution	ability	of	different	lyophilizates	formed	by	using	different	
types	 of	 cryoprotectants	 (mannitol,	 trehalose	 and	 maltodextrin)	 with	 different	





































Figure	 116:	 Case1	 and	 case2	 are	 two	 independent	 samples	 of	 SiNPs	 stored	 in	 gel	
analysed	by	DLS	after	dilution.	These	data	are	showed	as	example	of	 the	difference	
between	 the	 same	 data	 processed	 by	 intensity-size	 distribution	 or	 number-size	
distribution.	Both	cases	highlighted	that	considering	the	intensity	values	the	samples	
can	easily	wrongly	interpreted.	.........................................................................................................	217	






























methanol	 in	 which	 the	 fibres	 are	 soluble,	 a	 progressive	 release	 of	 the	 particles	 in	
suspension	is	noticeable	(second	and	third	image).	................................................................	225	














Figure	 129:	 TEM	 analysis	 of	 particles	 during	 the	 stability	 study	 in	 DMEM:	 coating,	
storage	and	dilution	in	DMEM.	..........................................................................................................	233	
Figure	130:	Microscope	images	of	SiNP-Dex-sol	and	SiNP-Dex-gel	samples	2,	4,	6	and	8	





















Figure	 137:	 i)	 ΔAbs	 values	 for	 each	 sample	 in	 concentrations	 between	 3.125-100	






Figure	138:	 Clustergram	 showing	 the	 time-dependent	 toxic	 effects	 of	 intravenously	













gel	 tested.	 A	 possible	 explanation	 for	 this	 is	 that	 the	 presence	 of	 the	 highly	 water-
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after	 2,	 4,	 6	 and	 8	 hours	 in	DMEM.	 Samples	were	 diluted	 to	 a	 concentration	 of	 0.1	





















































strongly	 influenced	 the	 medical	 field.	 Nanomaterials	 are	 attracting	 the	 interest	 of	
material	scientists	and	medical	staff	due	to	their	size-dependent	physical	and	chemical	
properties	 and	 their	 favourable	 surface/volume	 ratio.	 For	 instance,	 nanomaterials	





properties	 have	 led	 to	 hypotheses	 that	 advanced	 nanotherapies,	 for	 example,	 will	
reduce	the	need	for	surgical	procedures	and	they	will	limit	the	negative	effects	of	drugs,	
ultimately	enhancing	the	cost/efficiency	of	treatments.	Many	further	possibilities	are	
foreseen	 in	 the	 development	 of	 faster,	 smaller	 and	 highly	 sensitive	 diagnostic	 and	
imaging	tools	that	will	ultimately	lead	to	improvements	in	human	health3.	
Nowadays,	 creative	 combinations	 of	 nanomaterial	 and	 targeting	 agents	 have	 been	
designed	and	proposed	for	biological	applications	(bionanotechnology)	leading	to	the	
rise	of	a	new	branch	of	medical	science	based	on	nanomaterials.	Nanomedicine	indeed	
is	 defined	 as	 the	 application	 of	 nanotechnology	 in	 the	 process	 of	 developing	 new	
medical	 tools,	 such	 as	 pharmaceuticals,	 medical	 imaging	 and	 diagnostics,	 cancer	
treatments,	implantable	materials,	and	tissue	regeneration4.	Nanomedicine	is	a	broad,	
ever-emerging	 research	 field,	 in	 which	 the	 physical	 and	 chemical	 properties	 of	
materials	 at	 the	 nanoscale	 are	 exploited	 to	 improve	 human	 health	 and	 wellbeing,	
















be	 at	 the	 forefront	 of	 future	 breakthroughs.	 For	 example,	 in	 the	 USA,	 the	 National	
Nanotechnology	Initiative	(NNI)	was	launched	in	2001	with	the	purpose	of	funding	the	
establishment	 of	 ‘centres	 of	 excellence’	 focused	 on	 the	 development	 of	 new	
nanomaterials,	enhancing	knowledge	regarding	their	interaction	with	living	cells,	and	
highlighting	 advantages	 and	 disadvantages	 related	 to	 their	 use	 in	 nanomedicine.	






Depending	 on	 the	 biomedical	 application,	 it	 is	 possible	 to	 choose	 between	 all	 the	
different	 nanomaterials	 available	 according	 to	 physico-chemical	 characteristics.	 For	
instance,	 the	 advantages	 of	 using	 nanoparticles	 as	 carriers	 for	 drug	 delivery	 are	
numerous:	the	nanoparticles	can	enhance	the	bioavailability	of	the	drug	by	reducing	
its	metabolism	and	excretion,	 in	 the	 case	of	hydrophilic	drugs,	 or	by	enhancing	 the	
adsorption	of	hydrophobic	active	compound.	In	the	example	given	in	Figure	2,	silica	
NPs	are	used	as	a	carrier	 for	pro-apoptotic	miR-34a.	The	particles	were	conjugated	
with	 anti-GD2	 specific	 for	GD2,	 an	overexpressed	biomarker	on	neuroblastoma	 cell	
surfaces,	 in	 order	 to	 deliver	 the	 anticancer	 drug	 (miR34a)	 directly	 to	 the	 targeted	















Drug	delivery	 typically	 involves	 incorporating	drugs	 inside	 the	 carrier	whereby	 the	
nanomaterial	 can	 protect	 the	 therapeutic	 from	 degradation/inactivation	 and,	 by	
changing	the	formulation	of	the	nanomaterial,	it	is	possible	to	trigger	the	drug	release	
in	close	proximity	to	the	target.	For	instance,	peptides-based	therapies	showed	to	be	
efficient	 in	 the	 treatment	 of	 different	 disease	 ranging	 from	 cancer	 to	 diabetes.	
However,	peptides	are	difficult	to	work	with	due	to	their	tendency	to	degrade	during	
formulation	and	administration,	therefore	their	development	has	been	limited.	Rasekh	
et	 al.	 successfully	 encapsulated	 angiotensin	 II	 into	 tristearin-base	 nanocarriers	 by	
electrospraying	technology.	Both	synthetic	procedure	and	the	material	chose	for	the	
nanocarrier	design	proved	to	maintain	the	integrity	of	the	active	compound.	Indeed,	
the	effect	observed	using	angiotensin	II-loaded	nanoparticles	 for	 in	vivo	and	 in	vitro	
studies	were	comparable	with	the	effect	induced	by	the	active	compound	administered	























and	cartilage	are	already	used	 in	human	and	more	are	under	 clinical	 trials.	Tissues	
engineering	strategies	is	based	on	the	principle	that	under	appropriate	conditions	cells	
can	 re-organise	 themselves	 into	 functional	 structure11.	 Nanotechnology	 has	 been	
applied	not	only	for	design	systems	carrying	small	molecules,	but	the	protection	effect	
offered	by	nanoparticles	has	been	exploited	by	bioengineers	in	the	field	of	regenerative	
medicine	 as	 well.	 Nanomaterial	 specifically	 designed	 as	 three-dimensional	 scaffold	
which	provide	 an	 extracellular	matrix-like	 environment	 supporting	 the	 cells	during	
seeding	 and	 rearrangement12.	 Nanocarriers	 have	 been	 employed	 to	 improve	 cell	
viability	and	engraftment	into	the	damaged	tissue,	fundamental	for	cell	therapies	to	be	











While	 for	 drug	 delivery	 purposes	 nanomaterials	 are	 mainly	 used	 as	 carriers,	 in	
developing	biomedical	devices	their	intrinsic	properties	are	exploited.	The	possibility	
to	 image	 biological	 events	 in	 vivo,	 in	 vitro	 and	 ex	 ovo	 is	 required	 to	 decipher	








of	 the	 technique	 compare	 to	 the	 commonly	 used	 gadolinium-base	 MRI	 contrast	




protecting	 the	 compounds	 from	 inactivation	 and	 favouring	 cellular	 internalisation.	
Furthermore,	multimodal	 particles	 can	be	designed	by	 loading	 the	 cargo	 inside	 the	
nanoparticles	 and	 simultaneously	 functionalising	 the	 surface	 with	 molecules	 which	
allow	targeting	or	enhance	cellular	uptake.	Shi	et	al.,	for	instance,	designed	fluorescent	
silica	NPs	 (RBITC-DSFNPs)	 for	 early-stage	 apoptosis	 detection	 and	 imaging.	RBITC-
DSFNPs	were	 loaded	with	rhodamine	B	 isothiocyanate	and	 labelled	with	Annexin	V	
(protein	which	selectively	binds	phosphatidylserine	exposed	on	the	outer	membrane	
during	cellular	apoptosis).	Compared	with	the	conventional	fluorochrome	used	(Cy3-





offering	 a	 promising	 alternative	 for	 the	 evaluation	 of	 the	 efficiency	 of	 anti-cancer	
treatment.	 Figure	 4-A	 the	 MCF-7cells	 were	 treated	 with	 paclitaxel	 (to	 induce	 cell	
apoptosis)	 and	 RBITC-DSFNPs,	 while	 Figure	 4-B	 the	 cells	 were	 only	 treated	 with	
particles.	Cells	were	stained	in	order	to	allow	their	fluorescence	visualisation	(A-ii	and	
B-ii)	and	cells	were	optically	imaged	as	well	(A-i	and	B-i).	Importantly,	images	A-iii	and	








Similarly,	 nanoparticles	 have	 been	 exploited	 for	 the	 development	 of	 advanced	
diagnostic	devices.	 In	 such	 cases,	 the	nanoprobe	 could	be	used	only	as	platform	on	
which	the	detection	of	a	specific	target	occurs	or	it	can	actively	take	part	in	the	process,	
mainly	 by	 transducing	 the	 recognition	 of	 the	 targeted	 molecule	 into	 a	 measurable	
signal	 or	 enhancing	 that	 signal.	 An	 overview	 of	 the	 concept	 of	 biosensors	 will	 be	
presented	later	in	the	second	chapter	of	the	present	work,	but	Figure	5	gives	an	idea	of	
the	 role	 played	 by	 nanomaterials	 when	 involved	 in	 diagnostics	 development.	 The	


















in	 colour	 upon	 agglomeration.	 For	 instance,	 Schofield	 et	 al.	 used	 lactose-stabilised	
AuNPs	to	develop	a	colorimetric	system	for	the	detection	of	bacteria.	The	lactose	on	





















selective	 recognition	 and	 imaging	 of	 SK-BR-3	 cancer	 cells.	 The	 iron	 magnetic	 core	











is	 the	 unique	 capability	 of	 these	 nanomaterial	 to	 interact	 with	 the	 biological	
environment	 and,	 in	 particular,	 with	 cells.	 The	 physico-chemical	 properties	 of	







biological	environment.	 It	 is	well	known	that	proteins	present	 in	complex	biological	
media	(e.g.	blood)	adsorb	onto	the	nanoparticles	surface,	forming	the	so-called	‘protein	
corona’.	This	thick	layer	of	protein	alters	the	physico-chemical	properties,	which	are	
not	only	 fundamental	 for	 their	activity,	but	 their	alteration	could	 lead	even	 to	 toxic	




be	 stored	 for	 a	 short/long	 period	 of	 time.	 NPs	 in	 suspensions	 tend	 to	 be	 unstable	
depending	 on	 their	 physico-chemical	 properties	 and	 the	 solvent	 in	 which	 they	 are	
stored.	Considering	the	difficulties	in	predicting	the	behaviour	of	the	particles	when	
applied	 in	 biological	 applications,	 guaranteeing	 that	 NPs	 maintain	 their	 properties	
during	storage	has	become	a	challenge.	This	 is	 fundamental	 in	order	 to	ensure	 that	
when	 used	 they	 still	 have	 the	 morphology	 and	 properties	 expected.	 Zaloga	 et	 al.	
observed	for	instance	that	the	effectiveness	of	super-magnetic	iron	oxide	NPs	(SPIONs)	
in	targeting	cancer	cells	can	be	affected	during	storage.	By	using	a	magnet,	SPIONs	can	
be	 ‘driven’	 inside	 the	 tumour	but	 it	was	proved	 that	 the	magnetic	properties	of	 the	
particles	decrease	if	stored	at	different	temperature	(Figure	7-A)27.	Lyophilisation	is	a	
common	 technique	 used	 to	 stabilise	 particles	 during	 storage.	 It	 requires	 the	 use	 of	
cryoprotectants	 in	order	to	preserve	the	morphology	of	NPs	during	the	exposure	at	












Figure	8:	A)	The	efficacy	of	SPIONs	 in	 targeting	anti-cancer	drugs	 inside	 the	 tumour	decreases	after	4	weeks	of	
storage	at	different	temperatures	due	to	changes	in	their	magnetic	properties.	Adapted	from	reference27	.		B)	SEM	
image	 of	 polymeric	 nanocapsules	 lyophilised	 using	 5%	 w/v	 of	 PVA	 partially	 included	 in	 a	 PVA	 film	 after	
reconstitution.	Adapted	from	reference28.		
Many	 strategies	 have	 been	 developed	 in	 order	 to	 obtain	 stable	 nanomaterial	
suspensions.	 Some	 of	 these	 require	 complicated	 surface	 chemistry,	 others	 require	
quite	expensive	instrumentation	and,	even	though	good	results	have	been	achieved	at	


















problems	 related	 with	 bacterial	 infection	 and	 the	 constant	 increase	 of	 bacterial	







Chapter	4:	Oral	 administration	 is	 the	 first	 choice	 for	 the	development	of	new	drug	




related	 to	 their	 storage,	 herein	 a	 novel	 method	 to	 stabilise	 colloidal	 systems	 is	






















The	 demand	 for	 fast,	 reliable	 and	 low-cost	 systems	 for	 the	 selective	 detection	 of	
analytes	 has	 always	 been	 ample.	 The	 interest	 in	 such	 topics	 comes	 from	 different	
research	 fields,	 starting	 from	 medicine	 through	 environmental	 health	 to	 national	
security	for	the	detection	of	harmful	compounds.	In	the	last	decade,	researchers	have	
invested	a	great	deal	of	efforts	 in	enhancing	 the	efficiency	and	reliability	of	devices	
already	 existing	 or	 in	 developing	 new	 detection	 methods	 exploiting	 advanced	
technologies.	 Sensors	 are	 commonly	 defined	 as	 analytical	 devices	 used	 for	 the	
recognition	 of	 target.	 Many	 definitions	 have	 been	 given	 regarding	 sensors	 and	
biosensors	in	the	last	decade.	Two	commonly	cited	articles	regarding	the	topic	refer	to	
a	 biosensor	 as	 either	 “a	 chemical	 sensing	 device	 in	 which	 a	 biologically	 derived	
recognition	entity	is	coupled	to	a	transducer,	to	allow	the	quantitative	development	of	
some	complex	biomedical	parameters”29	 	or	as	“an	analytical	device	 incorporating	a	






Nowadays,	 the	terms	 ‘sensor’	and	 ‘biosensor’	are	sometimes	confused,	but	chemical	
sensors	 and	 biological	 sensors	 have	 different	 definitions,	 which	 changed	 with	 the	
time31.	 Previously	 a	 biosensor	 was	 considered	 a	 chemical	 sensor	 in	 which	 the	
recognition	system	utilises	biochemical	mechanisms,	while	today	this	term	refers	to	a	
sensor	 that	 measures	 qualitatively/quantitatively	 the	 presence	 of	 the	 analyte	 in	 a	
biological	system,	 linking	the	definition	more	to	the	application	of	 the	device	rather	
than	its	structure.	Curiously,	the	first	example	of	biosensors	are	canaries	used	in	mines	
as	 an	 early-warning	 system,	 alerting	 miners	 to	 the	 presence	 of	 toxic	 gases.	 The	
technology	was	very	simple:	the	gas	would	kill	the	bird	before	the	miners32.	The	official	






















is	 the	 decentralisation	 of	 the	 healthcare	 centres	 controlling	 the	 public	 health	 by	
spreading,	all	over	the	territory,	the	tools	and	knowledge	needed.	POC	are	thought	as	
tests	 that	can	be	done	 in	proximity	to	 the	patient,	 investing	 into	the	role	of	General	
Practitioner	 (GP)	and	pharmacists	as	 intermediates	between	hospitals	and	patients.	
The	POC	market	is	expected	to	reach	almost	$28	billion	by	2018	and	the	total	molecular	
diagnostics	market	 is	 estimated	 to	 grow	up	 to	 >	 $9	 billion	 by	 2020,	which	 attracts	
public	and	private	funding	to	explore	this	wide	field34.	
Classification	
Biosensors	 can	 be	 classified	 based	 on	 their	 application,	 e.g.	 in	 food	 safety,	
environmental	monitoring,	clinical	analysis	and	medical	diagnosis,	but	most	commonly	
they	are	subdivided	into	classes	according	to	their	recognition	element	and	transducer	
moieties.	 According	 to	 the	 recognition	 element,	 it	 is	 possible	 to	 distinguish,	 for	















For	 instance,	 an	 electrochemical	 biosensor	 can	 provide	 semi-	 or	 fully	 quantitative	
information	 through	 measuring	 the	 electro-active	 species	 produced	 or	 consumed	
during	the	recognition,	while	in	a	resonant	biosensor	the	resonant	frequency	measured	
is	the	result	of	a	change	in	mass	of	the	electrode	when	the	analyte	becomes	attached	to	
it32.	Optical	 biosensors	have	been	 exploited	 and	developed	greatly	 in	 the	 last	 years	
thanks	 to	 advantages	 that	 include	 speed	 of	 the	 detection,	 reproducibility	 of	
measurement	and	applicability	to	different	fields.	This	group	can	be	further	subdivided	
according	 to	 the	properties	applied	 in	 sensing;	 indeed	 the	 recognition	event	 can	be	




















The	 possibility	 of	 direct	 and	 indirect	 detection	 of	 the	 target	 along	 with	 the	
characteristics	 of	 being	 generally	 inexpensive	 and	 easily	 implemented,	 make	





–	 PET)3940.	 The	 huge	 variety	 of	 fluorophores	 available	 allows	 the	 development	 of	












Figure	 13:	 Switchable	 fluorescent	 probes	 indicate	 the	 presence	 of	 the	 analyte	 by	 changing	 in	 the	 fluorescent	
properties	 of	 the	 transducer.	 Normally	 the	 signal	 is	 quenched,	 but	 once	 the	 analyte	 is	 recognised,	 the	 signal	
increases	due	to	physio-chemical	changes,	which	occur	in	the	transducer’s	structure.			
Different	mechanisms	can	be	involved	in	the	switch	between	the	on	and	off	state	of	the	












































phenolic	 form	 (pH	<	6)	 the	energy	 is	 given	 to	 the	acceptor	and	FRET	occurs,	while	







to	 coumarin	 since	 the	 fluorescence	 of	 xanthene	 is	 quenched	 by	 the	 Zn-complex.	
Interaction	of	ATP	with	 the	 fluorophore	disrupts	 the	 complex	and,	 as	 consequence,	
FRET	 occurs.	 	 The	 coumarin	 peak	 decreases	 while	 the	 xanthene	 peak	 greatly	
increases50.			
The	capability	of	some	switchable	fluorescent	molecules	to	form	complexes	with	metal	









for	 the	 detection	 of	 metal	 ions	 exploiting	 PET	 and	 competitive	 displacement	
phenomena4852.	They	main	disadvantages	in	metal	detection	are	the	interference	of	the	








is	 targeted,	 the	 fluorophore	 has	 to	 be	 carefully	 chosen	 in	 order	 to	 have	 a	 readily	
detected	 signal	 change	 without	 interference	 with	 the	 background	 or	 non-specific	
detection.		
Switching	mechanism:	formation/cleavage	of	covalent	bond		
Formation	of	 covalent	 bonds	has	 long	been	used	 to	develop	 switchable	 fluorogenic	
probes	for	various	analytes,	although	it	is	manly	used	for	chromogenic	sensing.	Usually	











The	 cleavage	 can	 be	 induced	 by	 different	 analytes,	 such	 as	 metal	 ions5657,	 reactive	
oxygen	species	(ROS)5859,	anions	and	small	molecules606162	or	the	covalent	bond	can	be	
enzymatically	cleaved.		






















fluorescence	 quantum	 yield,	 large	 Stokes	 shift,	 excellent	 light	 stability	 and	 lower	
toxicity	compared	to	other	fluorophores.		The	heterocyclic	benzopyrone	is	formed	by	
the	 fusion	 between	 pyrone	 and	 benzene	 rings.	 Depending	 on	 the	 position	 of	 the	
carbonyl	 group,	 two	 different	 families	 of	 compounds	 can	 be	 identified:	 benzo-α–




the	 trans	 conformation,	 in	 which	 the	 fluorescence	 occurs	 due	 to	 the	 formation	 of	
conjugated	 double	 bonds	 in	 the	 structure.	 Under	 UV-light,	 trans-cis	 transformation	
occurs	leading	to	a	loss	of	fluorescence	(Figure	15-b).	The	structures	of	coumarin	and	
stilbene	are	relatively	similar,	the	only	difference	being	that	the	lactone	structure	fixes	










coumarin’s	 fluorescent	 properties.	 However,	 the	 presence	 of	 the	 lactone	 in	 the	 coumarin	 structure	 locks	 the	
compound	into	a	favourable	conformation	giving	to	the	compound	high	photostability.		
The	 most	 common	 modification	 is	 oxygenation	 at	 position	 7,	 the	 so-reached	 7-
hydroxycoumarin	is	named	umbelliferone.	The	positions	at	which	coumarin	is	chiefly	
modified	 are	 3,	 4,	 6	 and	 7	 of	 the	 benzopyrone	 ring,	 although	 some	 examples	 of	
modification	 at	 positions	 5	 and	8	 have	 also	 been	 reported.	 Interestingly,	 adding	 an	




properties	 of	 the	 compound.	 b)	The	 structure	of	 7-hydroxy-coumarin	 is	 presented.	All	 compounds	with	 similar	
structure	are	considered	umbelliferone	derivatives.			















al.	 developed	 a	 probe	 capable	 of	 detecting	 and	 defining	 the	 affinity	 of	 histone	














lack	 of	 new	 antibiotics,	 those	 already	 available	 are	 becoming	 less	 effective	 due	 to	
bacterial	resistance72,73,74,75.	Antimicrobial	resistance	(AMR)	has	been	accelerated	by	
the	misuse	and	over-	prescription	of	antibiotics76,77.	There	is	increasing	concern	about	
the	 threat	 posed	 by	 AMR	 to	 health,	 food	 production	 and	 economic	 prosperity.	 In	
Europe	 alone,	 about	 25,000	 people	 die	 each	 year	 from	 drug-resistant	 microbial	
infections,	similar	to	the	number	who	die	in	road	traffic	accidents,	with	an	estimated	
economic	impact	of	at	least	€51.5	billion78.	Early	and	specific	diagnosis	is	considered	a	













years,	 intensive	 research	has	been	undertaken	 to	develop	methods	 that	 can	rapidly	
detect	low	concentrations	of	pathogens	in	water,	food	and	clinical	samples.		
2.1.5	Bacterial	extracellular	enzymes	







need	 to	 hydrolyse	 these	 macromolecules	 into	 smaller	 monosaccharides,	 which	 can	
then	be	transported	across	the	cellular	membrane	and	be	oxidised.	Disaccharides	and	
polysaccharides	are	formed	by	simple	sugar	molecules	linked	by	a	glycosydic	bonds.	
Heterotrophic	 bacteria	 release	 exoenzymes	 to	 the	 environment	 which	 cleave	 these	
bonds,	forming	monosaccharides	that	can	be	then	internalised	and	used	as	source	of	
energy	 to	 produce	 ATP79.	 Extracellular	 enzymes	 are	 classified	 according	 to	 the	
substrate	that	they	process	and,	therefore,	the	type	of	reaction	that	they	catalyse.	Some	







process	 carbohydrates,	 peptidase	 if	 they	 hydrolyse	 proteins,	 etc.)	 and	 they	 are	






















enzyme	 system.	 	 	 β-glucosidase	 catalyses	 the	 hydrolysis	 of	 the	 glycosydic	 bonds	 to	










The	mechanism	of	hydrolysis	presented	above	 is	 very	 similar	 to	 the	process	which	
occurs	 inside	 the	protein.	 Indeed,	 the	water,	 being	 an	 amphoteric	medium,	 induces	
nucleophilic	 attack	 on	 the	 anomeric	 carbon,	 leading	 to	 the	 same	 structural	
rearrangement	that	occurs	 in	the	presence	of	the	enzyme.	The	difference	is	that	the	







microorganisms	 and	 they	 can	 be	 exo-enzymes,	 endo-enzymes	 or	 ecto-enzymes	
(membrane	bound	enzymes,	common	 in	yeast)81.	Figure	18	gives	an	example	of	 the	
structure	 of	 the	 protein-substrate	 interaction	 which	 can	 be	 observed	 by	 X-Ray	
analysis82.	The	enzyme	is	a	homodimer,	which	means	that	it	is	a	protein	formed	by	two	
chains	A	and	B	which	are	chiral.	The	hydrolysis	of	the	substrate	requires	the	presence	
of	 a	 proton	 donor	 and	 proton	 acceptor	 residues,	 which	 are	 normally	 called	
















have	 been	 used	 for	 the	 detection	 of	 this	 exoenzyme,	 like	 dihydroxiflavone	 and	
ginesenosides.	Parry	et	al.	evaluated	the	efficiency	of	5	different	classes	of	chromogenic	














fluorochromic	 β-glucosidase	 substrates,	 based	 on	 the	 4-methylumbelliferone	
structure,	for	the	detection	of	different	bacterial	strains	and	species.	Differences	were	
noticeable	 in	 the	β-glucosidase	activity	produced	by	different	strains	 in	response	to	
different	substrates,	confirming	the	variation	in	the	affinity	of	this	specific	enzyme	for	
substrates	that	differ	by	only	small	structural	changes85.	A	chromogenic	probe	for	β-
glucosidase	was	used	 to	develop	a	paper	 strip	 test	 for	a	 rapid	detection	of	bacteria	
synthesising	 this	 enzyme.	 The	 test	 was	 surprisingly	 quick,	 the	 change	 in	 colour	
occurring	within	10	minutes,	and	it	showed	that	it	is	possible	to	distinguish	between	
Streptococci	and	Enterococci,	since	the	latter	produces	more	of	the	analyte	being	tested	
for86.	 Streptococcus	 bovis,	 which	 is	 related	 with	 gastrointestinal	 neoplasia,	 was	
selectively	 detected	 among	 other	 strains	 of	 Streptococci	 and	 Enterococci	 taking	
advantage	of	its	ability	to	produce	both	β-glucosidase	and	β-galactosidase.	Using	both	
a	fluorescent	probe	and	a	chromatic	probe,	both	enzymes	were	respectively	detected	
within	 30	 minutes,	 allowing	 the	 identification	 of	 the	 S.	 bovis87.	 Recently,	 Wei	 et	 al.	

































in	 alkaline	 environment	 due	 to	 anion	 formation	 at	 the	 7-hydroxyl	 group.	 After	
excitation,	the	unpaired	electron	delocalises	on	the	structure	leading	to	the	conjugation	
of	double	bonds,	which	 in	 turn	 leads	 to	 fluorescence.	Low	 toxicity	and	good	photo-
physical	and	photo-chemical	properties	are	features	that	make	coumarins	even	more	
intriguing,	alongside	the	fact	that	they	are	relatively	inexpensive	compared	with	other	
switchable	 dyes.	 In	 the	 last	 years,	 researchers	 have	 used	 coumarins	 due	 to	 the	
possibility	of	modify	the	fluorescence	properties	of	this	compounds	simply	changing	
the	substituents	on	the	benzopyrone	ring.			










end	of	 the	 experiment	 in	order	 to	 increase	 the	 fluorescent	 signal	 and	obtain	better	







chemical	 and	 photo-physical	 properties	 of	 the	 synthesised	 compounds	 have	 been	
evaluated	and	compared	with	 the	properties	of	4-MU	as	 the	standard.	 In	particular,	
these	derivatives	showed	to	have	a	lower	pKa.	This	is	particular	important	in	order	to	




β-D-glucose	 to	 obtain	 the	 substrate	 responsive	 to	 specific	 enzymes	 produced	 by	


















methanol,	Acroseal®),	 lithium	aluminium	hydride	 (1M	solution	 in	THF,	Acroseal®)	
and	 2,3,4,6-Tetra-O-acetyl-α-D-glucopyranosyl	 bromide	 (98.5%	 stabilised)	 were	
purchased	 from	 Acreos	 organics.	 EDC	 (>	 98.0%)	 and	 D-biotin	 (>98.0%)	 were	
purchased	from	Tokyo	Chemical	Industries	(TCI)	(Oxford,	UK).	All	following	reagent	
were	 purchased	 from	 Sigma-Aldrich	 (Gillingham, UK):	 4-aminophenol,	 resorcinol	
(99%),	barium	chloride	(99.9%),	acetone	(anhydrous),	methanol	(puris.	≥99.8%),	6-
mercapto-hexanol,	 iodine	 puriss.,	 sodium	 sulfate,	 sodium	 methoxide	 reagent	 grade	
(95%),	 toluene	 anhydrous	 (99.8%),	 tetrahydrofuran	 (THF-99.5%	 extra	 dry	 over	
molecular	 sieves	 stabilised	 Acroseal®),	 N,N-dimethylformimide	 (DMF-99.8%	 extra	
dry	 over	 molecular	 sieves	 Acroseal®),	 dimthyl	 sulfoxide	 (anhydrous	 99.9%),	
trimethylamine	 (≥99%),	 1-butanol	 ACS	 reagent	 (≥99.4%),	 sodium	 hydroxide	
(≥98%),sulfuric	acid	ACS	reagent	(95-98%),	sodium	hydrate	(NaH),	 thionyl	chloride	
reagentPlus®	 (≥99%),	 β-glucosidase	 (from	 almonds	 ≥2	 unitits/mg	 solid),	 LB	 broth	
with	 agar	 (Miller),	 LB	 broth,	 α-glucosidase	 (from	 Saccharomyces	 cerevisiae	 ≥100	
units/mg	 protein),4-methylumbelliferyl	 α-D-glucopyranoside,	 biotin	 (5-fluorescien)	
conjugate.	 N-hydroxysuccinimide	 (NHS)	 was	 purchased	 from	 Fluka	 while	
pentafluorophenyl	trifluoroacetate,	T3P	and	TBTU	were	purchased	from	Fluorochem.	
Nunclon	Delta	sterile	flat	bottom	96-well	plate	and	Micro	BCA™	were	purchased	from	
Thermo	 Fisher	 Scientific	 (Loughborough,	 UK).	 Dimethyl	 Sulphoxide-d6	 (99.9%)	 for	
















Synthesis	 of	 methyl	 2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetate:	 (7-hydroxy-4-
coumarin	 methoxy	 acetic	 acid)(1):	 7-hydroxy-4-coumarin	 acetic	 acid	 (1	 g,	 4.54	
mmol)	was	dissolved	in	methanol	(200	mL).	Thionyl	chloride	(1	mL)	was	added	under	
stirring	at	0°C,	then	at	room	temperature	(RT).	The	reaction	was	left	to	react	overnight	





ppm.	 13C	NMR	 (100	MHz,	DMSO-d6):	 δ	170.34	 (C-Ar),	161.84	 (C-Ar),	160.61	 (C-Ar),	
155.56	 (C-Ar),	 150.08	 (-C-OH),	 127.22	 (CH-Ar),	 113.62	 (CH-Ar),	 112.73	 (CH-Ar),	









































(Ar-CH),	 100.55	 (C-Glu),	 77.73	 (C-Glu),	 77.06	 (C-Glu),	 73.68	 (C-Glu),	 70.21	 (C-Glu),	
61.22	(-CH2-),	52.79	(-CH3-),	37.16	(-CH2-)	ppm.	HR-MS	(ESI-TOF):	m/z	for	C17H18O10+.	










Synthesis	 of	 isopropyl	 2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetate	 (2),	 7-
hydroxycoumarin-4-acetic	acid	(0.5	g,	2.27	mmol)	was	solubilised	under	sonication	in	
2-propanhol	 (150	 mL).	 H2SO4	 (1.5	 mL)	 was	 added	 drop	 wise	 under	 stirring.	 The	
reaction	 was	 left	 react	 overnight	 RT.	 After	 24	 h	 the	 solvent	 was	 evaporated	 under	







(C=O),	 161.89	 (-C-C-),	 160.71	 (-C-C-),	 155.61(Ar-C),	 150.32	 (C=O),	 127.22	 (Ar-C),	
113.58	(Ar-C),	112.58	(Ar-C),	111.74	(Ar-C-OH),	102.91	(Ar-C),	68.97	(-CH=),	37.78	(-
CH2-),	 22.01	 (-CH3)	 ppm.	 HR-MS	 (ESI-TOF):	 m/z	 for	 C14H14O5+	 [M+H]+	 calculated	
262.18	found	262.0.	IR:	3188,	2979,	1719,	1684,	1596	cm-1.	M.p.:	215-216	°C.		
	
Synthesis	 of	 butyl	 2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetate	 (3),	 7-
hydroxycoumarin-4-acetic	acid	(1	g,	4.5	mmol)	was	solubilised	in	1-butanol	(150	mL).	
Concentrated	H2SO4	(2.4	mL)	was	added	drop	wise	under	stirring.	After	24	h	the	crude	


















Synthesis	 of	 4-aminophenyl	 2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetate	 (4).	 7-
hydroxycoumarin-4-acetci	 acid	 (0.5	 g,	 2.27	 mmol),	 4-amino-phenol	 (0.247	 g,	 2.27	





















Synthesis	 of	 methyl	 5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-





























HR-MS	 (ESI-TOF):	m/z	 for	C10H18O2N2S+	[M+H]+	calculated	230.32	 found	230.0.	 IR:	
3197,	2924,	2851,	1695	cm-1.	


































34.01	 (CH2),	 33.00	 (CH2),	 32.94	 (CH2),	 29.18	 (CH2),	 28.24	 (CH2),	 25.62	 (CH2),	 25.56	
(CH2),	24.29	(-S-S-CH)	ppm.	HR-MS	(ESI-TOF):	m/z	for	C12H28O2S2+	[M+H]+	calculated	
266.48	found	266.0.	IR:	3331,	2928,	2853,	1050	cm-1.		






















Synthesis	 of	 6-mercaptohexyl	 2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetate	 (6):	


















were	used	 for	 all	 the	 absorbance	 and	 fluorescent	 emission	measurements.	 Samples	















Fluorescence	 analysis	 of	 umbelliferone-derivatives	 at	 different	 pH:	 The	 pH	 of	















MHz	 and	 13C:	 100	 MHz)	 or	 on	 a	 Jeol	 ECA,	 500	 MHz	 FT	 NMR	 Spectrometer,	
incorporating	a	NM-50TH5AT/FG2	probe.	All	chemical	shifts	 (δ)	are	quoted	 in	ppm	
and	 coupling	 constants	 (J),	 where	 given,	 in	 averaged	 Hz.	 Residual	 signals	 from	 the	






















prepared,	 the	plate	was	 incubated	 at	 37°C	 and	 shaken	 at	 600	 rpm.	The	 increase	 of	


























according	 to	 available	 protocols.	 To	 the	 96-well	 microplate	 was	 firstly	 added	 the	
substrate	solution	at	appropriate	concentrations	and,	after	the	fluorescent	signal	at	t0	
was	measured,	the	bacterial	samples	were	quickly	added	to	each	well	and	the	increase	
of	 fluorescence	was	measured	 over	 time,	 shaking	 the	 plate	 at	 600	 rpm	at	 37°C.	All	
concentration	analysed	were	calculated	accordingly	to	the	final	volume	of	200	μL/well:	
100	μL	were	 constituted	 by	 bacterial	 suspension	 in	 LB	broth	 and	100	μL	 of	 sterile	
aqueous	solution	of	the	substrate.	The	increase	in	fluorescence	was	measured	using	as	
λex/λem	 wavelength	 327/460	 nm	 respectively	 every	 15	 minutes.	 The	 spectra	 of	 the	
kinetic	 achieved	 were	 normalised	 with	 the	 auto-hydrolysis	 in	 broth-water	 (1:1)	
solution	obtained	for	each	substrate	in	each	experiment.	
E.	 coli,	 Enterococcus,	 K.	 pneumonia,	 P.	 aeruginosa,	 and	 S.	 areus	 bacteria	were	






































As	 mentioned	 in	 the	 introduction,	 a	 few	 enzymatically	 switchable	 fluorescence	
substrates	(analogues	of	4-MU)	are	available	on	the	market.	The	project	goal	was	to	
synthesise	 new	 coumarin	 derivatives	 with	 better	 fluorescent	 properties	 than	 the	
fluorophore	 currently	 available,	 4-MU,	 along	 with	 the	 intention	 of	 making	 them	
suitable	 for	 nanoparticle	 functionalisation.	 Photochemical	 and	 photo-physical	
properties	of	 the	synthesised	substrates	have	been	evaluated	and	 their	solubility	 in	
aqueous	solvent	tested.	The	substrates	have	been	also	designed	with	the	purpose	of	
developing	 a	 nanoprobe	 formed	 by	 nanoparticles	 decorated	 with	 the	 synthesised	
substrates	 on	 the	 nanoparticle	 surface.	 One	 fundamental	 characteristic	 that	 a	
compound	must	have	in	order	to	be	covalently	linked	to	nanomaterials	is	the	presence	
of	 reactive	 chemical	 groups	 in	 its	 structure.	 Through	 appropriate	 reactions,	 the	
compound	 can	 then	 be	 conjugated	 with	 the	 anchor	 groups	 available	 on	 the	 NP’s	




enzyme	 β-glucosidase).	 For	 this	 reason,	 all	 the	 derivatives	 here	 presented	 were	
obtained	using	7-hydroxy-4-coumarin	acetic	acid	(4-AAU)	as	a	starting	material.	4-AAU	
















For	 compounds	2	 and	3,	 2-propanol	 and	n-butanol	were	used	 to	 protect	 the	 acidic	
group	 during	 the	 synthetic	 procedures	 and	 to	 evaluate	 the	 possibility	 to	 enhance	
fluorescent	 properties	 of	 the	 compounds.	 The	 two	 conjugates	 with	 D-biotin	 and	
mercaptohexanol,	compounds	5	and	6	respectively,	were	prepared	primarily	for	use	
in	NP’s	surface	 functionalisation.	Due	to	 the	characteristic	 low	solubility	 in	aqueous	
solvents	 of	 both	 the	 mercaptohexanol	 and	 biotin	 moieties,	 the	 solubility	 of	 the	
































In	 order	 to	 avoid	 the	 formation	 of	 side	 products	 due	 to	 interaction	 between	 thiol	




bond	was	maintained	 until	 the	 compound	was	 used	 in	 order	 to	 avoid	 any	 possible	





In	 the	 case	 of	 compound	7	 the	 synthesis	 differs	 from	 those	 mentioned	 above.	 The	












compound	 with	 the	 phenol	 group,	 it	 was	 found	 that	 in	 order	 to	 avoid	 intra-	 or	
intermolecular	 reaction	 of	 the	 starting	 material,	 with	 formation	 of	 secondary	 by-
products,	all	reagents	and	the	coupling	agents	had	to	be	mixed	together	simultaneously	
and	under	anhydrous	conditions.		



















In	 order	 to	 determine	 the	 optical	 properties	 of	 compounds	 synthesised,	























7	 for	 which	 the	 signal	 raised	 at	 pH	 7.5	 as	 for	 4-MU.	 All	 synthesised	 compounds	
appeared	 to	 have	 a	 better	 fluorescence	 profile	 than	 4-MU	 with	 the	 exception	 of	
compound	7	whose	fluorescence	increases	only	at	pH	7.5-8.	The	fluorescence	signal	of	
all	 synthesised	 substrates	 is	 almost	 constant	 below	 pH	 6	 but	 it	 starts	 to	 increase	
between	pH	6-6.5	rather	than	at	pH	7-7.5	as	it	is	in	the	case	of	4-MU	(grey	line).	This	
means	 that	 the	 fluorescence	 signal	would	be	measured	during	biologically	 relevant	
conditions	 (i.e.	 usually	 at	 pH	 6-6.5)	 without	 the	 need	 for	 later	 basification,	 as	 is	




























































26,	 only	 compound	 7	 relatively	 inhibits	 the	 bacterial	 growth,	 as	 is	 evident	 at	 a	
concentration	of	500	μM	(burgundy	line).	Compound	7	might	have	some	activity	as	a	













In	 Scheme	 7,	 the	 theoretical	 pathway	 chosen	 for	 the	 synthesis	 of	 the	 substrate	 is	







the	 particle	 surface	 functionalisation.	 Following	 protocols	 found	 in	 literature,	 the	
hydrolysis	should	occur	under	basic	conditions,	after	which	the	free	acid	is	obtained	
(compound	 c).	 Although	 different	 procedures	 were	 attempted,	 the	 reaction	 was	
unsuccessful	 and,	 instead,	 the	 4-methyl	 derivate	 was	 found	 (compound	 9)	 as	
highlighted	by	the	1H-NMR	spectrum	(Figure	27).	

































































leading	 to	 the	 formation	of	a	mixture	of	unidentified	by-products.	Using	NaOMe	 for	
deacetylation	 of	 the	 sugar,	 likely	 due	 to	 its	 basic	 property,	 compound	9	was	 often	
identified	 in	 certain	 amounts.	 Ammonolysis	 was	 therefore	 chosen	 as	 alternative	
deacetylation	protocol,	which	allowed	isolation	of	compound	8	in	high	yield	and	purity.	












glucosidase,	 indicating	 that	 the	 α-glucose	 had	 changed	 configuration	 during	 the	
synthesis,	 effectively	 becoming	 β-glucose.	 It	 was	 hypothesised	 that	 anomerisation	









hand,	 the	 starting	 material	 acetobromo-α-D-glucose	 and	 compound	 α-4-MUD	








-1.258°	 -2.958°	 147°	 148°	
	
	
Figure	 28:	 In	 the	 case	 of	 aldohexoses	 (6C	 and	 an	 aldehyde	 group	 in	 the	 open	 form)	 the	 rotation	 occurs	 in	
C1(asymmetric	centre)	of	the	open	form	of	the	glucose.		
Although	it	is	not	often	clearly	stated,	in	other	works	found	in	literature	α-glucose	was	










limited	 reactivity	 of	 the	 hydroxyl	 group,	 the	 glycosylation	 was	 attempted	 using	 a	
stronger	 base	 such	 as	 sodium	 hydrate	 (NaH),	 catalysing	 the	 reaction	 using	 Cupper	
bromide	(CuBr)	or	increasing	the	temperature.	It	was	found	that	the	harsh	conditions	
tested	tend	to	destabilise	the	carbohydrate,	rather	than	increase	the	reactivity	of	the	










For	greater	 clarity,	 in	 the	next	paragraphs	 compound	8	 is	 referred	as	β-4-AAUG	 to	
highlight	 the	 differences	 during	 the	 enzymatic	 and	 bacterial	 assays.	 For	 the	 same	
reason,	 compound	9	 is	 referred	 as	β-4-MUD.	 Different	 assays	 have	 been	 tested	 to	
define	whether	β-4-AAUG	represents	a	valid	alternative	to	the	commercially	available	
compound	 in	detecting	 the	 activity	of	β-glucosidase.	β-4-AAUG	has	been	 compared	
with	 α-4-MUD	 (purchased)	 to	 define	 its	 selectivity	 for	 the	 enzyme	 β-glucosidase.	
Preliminary	studies	have	been	accomplished	 in	order	 to	compare	 the	affinity	of	 the	











Enzymes	 are	 usually	 very	 specific	 for	 a	 particular	 substrate.	 Even	 a	 small	
conformational/configurational	difference	in	the	substrate’s	structure	can	change	the	
enzyme’s	affinity	for	it.	In	this	case,	depending	on	the	configuration	of	the	sugar	linked	
















best	 conditions	 for	 the	present	work	 and	 it	 has	 been	used	 for	 all	 enzymatic	 assays	





μM.	 An	 increase	 of	 fluorescence,	 which	 indicates	 the	 presence	 of	 the	 enzyme,	 was	




















the	 enzyme	 α-4-MUD	 (0.1	 mM)	 with	 250	 μg/mL	 of	 α-glucosidase	 (black	 line).	 As	
expected,	the	fluorescence	signal	increased	quickly	after	addition	of	the	enzyme.	The	
obtained	 fluorescence	 data	 are	 shown	 in	 Figure	 33,	 along	 with	 the	 one	 for	 the	 β-
anomeric	 substrate	 (β-4-AAUG)	 treated	 under	 the	 same	 conditions	 (red	 line).	 The	
selectivity	of	the	specificity	of	the	recognition	event	is	even	more	evident	in	this	case,	
as	 only	 for	 α-4-MUD,	 the	 specific	 substrate	 for	 the	 enzyme	 tested,	 an	 increase	 of	
fluorescent	signal	measured.		




































used	 for	baking.	The	assays	proved	that	 the	main	component	of	 the	product	was	β-
glucosidase,	while	the	α-type	was	present	in	a	lower	amount	(Figure	34).	The	result	



















































































	 Vmax	 Km	 kcat	 kcat/Km	
β-4-AAUG	 0.022	 804	 4.5	10-4	 5.6	10-7	
β-4-MUD	 0.027	 4032	 5.4	10-4	 1.3	10-7	
Michaelis-Menten kinetic




























The	 main	 goal	 of	 the	 project	 was	 to	 synthesise	 a	 substrate	 capable	 of	 bacterial	
detection.	This	could	then	have	been	used	to	functionalise	nanoparticle	surfaces,	thus	
enhancing	its	sensitivity.	Bacteria	show	preferences	in	terms	of	the	carbohydrates	used	
as	 a	 source	 of	 energy.	 For	 instance,	 some	 preferentially	 use	 galactose	 and	 others	
glucose;	 therefore,	 the	 former	 mainly	 produces	 galactosidase	 while	 in	 the	 latter	
glucosidase	 is	 produced	 in	 order	 to	 break	 the	 polysaccharide	 into	 absorbable	
monosaccharaides.	 By	 changing	 the	 carbohydrate	 used	 for	 the	 substrate	 design,	












E.coli	 is	 a	 coliform	 bacterium	 belonging	 to	 the	 genus	 that	 is	 mostly	 found	 in	 the	











or	 short	 chains.	 Enterococcus	 are	 particularly	 resistant	 to	 a	 broad	 range	 of	
temperature,	 pH	 and	disinfectants.	 These	bacteria	 are	 commensal	 organisms	 in	 the	
human	 intestine	 and	 they	 can	 cause	 opportunistic	 infections,	 e.g.	 when	 the	 host’s	





are	 Gram-negative	 bacteria,	 and	 are	 encapsulated,	 rod-shaped	 and	 non-motile.	 K.	
pneumonia	 is	 the	 medically	 most	 important	 species,	 representing	 one	 of	 the	 most	
common	causes	of	bacterial	pneumonia	and,	due	to	the	antibiotic	resistance	developed	
and	its	opportunistic	behaviour,	 it	 is	responsible	for	numerous	nosocomial	bacterial	
infections	 of	 urinary	 and	 respiratory	 tracts.	 The	 infectious	 dose	 is	 unknown	 for	 K.	






Pseudomonas	 aeruginosa	 (P.	 aeruginosa)	 belongs	 to	 the	 Pseudomonadaceae	 family,	







reasonably	 high101.	 P.	 aeruginosa	 can	 adapt	 very	 well	 to	 different	 environmental	
conditions,	which	has	helped	them	to	resist	antibiotics,	such	that	nowadays	multi-drug	
resistant	strains	are	emerging102,103		.		
Staphylococcus	 aureus	 (S.	 aureus)	 is	 a	 Gram-positive,	 round-shaped	 bacterium,	 a	
facultative	 anaerobe,	 which	 belongs	 to	 the	 Firmicutes	 family.	 S.	 aureus	 are	
opportunistic	bacteria	and	a	common	cause	of	skin	and	respiratory	tract	infections.	In	
humans,	at	least	100,000	organisms	(1CFU)	are	required	for	the	infection	to	occur.	S.	





therefore,	 cause	 infection	 only	 when	 colonising	 specific	 organs	 or	 when	 the	 host’s	
defence	 is	 lower.	 They	 are	 therefore	 common	 nanosomic	 infections	 and	 they	 have	




Detecting	bacteria	 by	 enzyme	 recognition	 could	 lead	 to	 a	 better	 LOD	 since	 a	 single	












and	 S.aureus)	 at	 different	 concentrations	 was	 evaluated	 using	 the	 substrates	 at	 a	
concentration	of	50	μM.	All	bacteria	were	cultured	on	LB	solid	broth	and	harvested	in	
liquid	LB	prior	to	the	assay.	The	desired	concentration	was	determined	by	McFarlan	
turbidity	 standards,	 measuring	 the	 opacity	 of	 the	 sample,	 and	 by	 plate	 counting	
backwards.	From	the	stock	sample,	each	of	the	bacterial	solutions	was	diluted	with	LB	
broth	 and	 analysed	 at	 concentrations	 of	 75,	 20	 and	 1	 CFU/well,	 respectively	 when	
incubated	with	of	50	μM	substrate	solution.	All	experiments	were	carried	in	sterile	96-
well	 plates,	 measuring	 the	 increase	 of	 fluorescence	 after	 incubation	 at	 37°C	 under	
shaking	 over	 time.	 Preliminary	 experiments	 were	 accomplished	 to	 evaluate	 the	
stability	of	the	substrates	in	sodium	acetate	buffer	and	in	broth	(see	Appendix	A2.2	for	
details).	 Since	 the	 substrates	 appeared	 to	 be	 less	 stable	 in	 broth,	 all	 data	 in	 the	
following	 experiments	 are	 normalised	 for	 the	 auto-hydrolysis	 of	 the	 corresponding	
substrate	in	broth	during	each	experiment.		





hours	 were	 required	 for	 its	 detection	 at	 75	 CFU/well,	 while	 3.5	 and	 5	 hours	 were		
required	for	the	detection	at	the	bacteria	at	20	and	1	CFU/well	respectively	(Figure	36-
iv).	 In	 the	case	of	S.	aureus,	 little	difference	was	 found	between	the	detection	of	 the	
bacteria	at	the	different	concentrations	used,	but	the	overall	signal	was	relatively	low.	








































comparison	 of	 the	 different	 signal	 intensities	 measured	 for	 each	 substrate,	 again	
confirming	the	unfavourable	fluorescent	features	of	4-MU.	After	2	hours,	an	increase	in	

























2.5	CFU/mL	 E.	coli	 Enterococcus	 K.	pneumonia	 P.	aeruginosa	 S.	aureus	
β-4-AAUG	 2.5	h	 2.5	h	 2.5	h	 \	 \	
β-4-MUD	 2	h	 2	h	 2	h	 \	 6	h	
α-4-MUD	 3	h	 \	 \	 \	 3	h	
150	CFU/mL	 	 	 	 	 	
β-4-AAUG	 1	h	 1	h	 1	h	 \	 \	
β-4-MUD	 1.5	h	 1	h	 1	h	 \	 1.5	h	






and	 only	 when	 this	 carbohydrate	 is	 completely	 consumed	 the	 bacteria	 start	 to	 use	
alternative	 source	 of	 carbon106,107.	 Due	 to	 the	 strong	 ‘greed’	 by	 which	 it	 consumes	
glucose,	E.coli	didn’t	show	relevant	specificity	for	the	two	anomers	α	and	β.	
Enterococcus	use	glucose	as	fist	source	of	energy	as	well.	However,	this	type	of	bacteria	





were	 done	 in	 aerobic	 conditions	 the	 bacteria	 were109	 easily	 detected	 by	 using	 the	













concentration	 of	 the	 acid	 in	 the	 sample,	 the	 lower	 is	 the	 environmental	 pH.	 The	
fluorophores	 released	 after	 cleavage	 of	 the	 glycosidic	 bond	 are	 sensitive	 to	 pH,	
therefore	a	decrease	of	 the	environmental	pH	 leads	to	a	decrease	 in	the	 fluorescent	





decrease	 in	 the	 pH112.	 This	 could	 explain	 the	 reason	why	 all	 fluorescent	 substrates	
failed	in	detecting	these	bacteria.	On	the	other	hand,	Enterococcus	is	lactic	acid	bacteria	
(LAB)	therefore	the	main	product	accumulate	after	glucose-metabolism	is	lactic	acid,	



















The	 two	 curves	 describe	 the	 difference	 between	 a	 non-allosteric	 enzyme	 and	 an	
allosteric	enzyme.	A	non-allosteric	enzyme	has	only	the	active	site	where	the	analyte	
interacts.	On	the	other	hand,	an	allosteric	enzyme	has	an	allosteric	site	as	well,	which	




and	 “on-off”	behaviour	of	 the	bacterial	enzyme	could	be	explained	as	well	by	a	 few	











properties	 compared	 with	 the	 compound	 commonly	 used	 for	 the	 development	 of	
enzymatic	substrates	(i.e.	4-MU).	Data	showed	that	all	the	tested	compounds,	with	the	
exception	 for	 compound	 7,	 were	 more	 suitable	 for	 the	 development	 of	 switchable	
probes	since	their	fluorescence	increases	between	pH	6	and	6.5,	which	are	conditions	
at	 which	 enzymatic	 and	 bacterial	 assays	 are	 normally	 carried	 out.	 This	 means	 that	
using	these	novel	substrates	 for	 the	development	of	switchable	probes	would	allow	
avoiding	the	additional	basification	step	required	when	4-MU	is	used.	Compound	1	was	
further	 glycosylated	 to	 give	 the	 substrate	β-4-AAUG,	 which	 was	 then	 tested	 in	 the	
enzymatic	 and	 bacterial	 assays.	 The	 synthesised	 substrate	 was	 shown	 to	 be	 highly	
selective	 for	 the	enzyme	β-glucosidase,	since	no	 increase	of	 fluorescence	signal	was	
observed	when	it	was	treated	with	α-glucosidase.		
The	 results	 observed	 with	 the	 bacterial	 experiments	 highlighted	 few	 important	





β-4-AAUG	when	 compared	 to	 β-4-MUD.	 An	 additional	 basification	 step	 would	 be	
required	to	enhance	the	signal	when	using	4-MU,	which	will,	on	the	other	hand	quench	










and	 chemical	 stability,	 could	 be	 avoided	 by	 choosing	 an	 alternative	 fluorophore,	 if	
affordable.	In	this	case	it	would	be	interesting	to	choose	a	fluorophore	which	absorbs	
at	 longer	 wavelength	 in	 order	 to	 enhance	 the	 S/N	 ratio	 when	 human	 samples	 are	
analysed,	e.g.	urine,	 since	biological	material	present	 in	 these	samples	can	 interfere	
with	the	fluorescence	measured.	Alternatively,	the	‘on-off’	fluorescent	detection	can	be	
achieved	 even	 using	 different	 recognition	 elements	 e.g.	 amino	 acids,	 instead	 of	
carbohydrates	 considering	 that	 they	 suffer	 of	 chemical	 instability,	 especially	 the	
switching	between	the	a	and	b	anomer	can	lead	to	a	lost	in	specificity	for	the	targeted	
enzyme.	Furthermore,	using	glucose	as	recognition	element,	a	relatively	large	range	of	
bacteria	 can	 be	 detected	 since	 lots	 of	 microorganism	 produces	 glucosidase	 and	
preferentially	use	this	carbohydrate	as	source	of	energy.	However,	the	selectivity	of	the	
detection	 can	 be	 enhanced	 choosing	 a	 different	 recognition	 element.	 For	 instance,	
enzymes	such	as	oxidases	or	azoreducates	are	produced	by	a	relative	limited	type	of	
bacteria,	therefore	targeting	these	enzymes	rather	than	glycosidases	could	potentially	











During	 the	 process	 of	 developing	 new	 biosensors,	 a	 few	 parameters	 should	 be	
considered	 in	 order	 to	 properly	 evaluate	 their	 properties	 and	 to	 compare	 them	
accordingly	 to	 their	 efficiency.	These	parameters	 are	described	 in	Table	8	and	 they	
































event115-117.	 Moreover,	 other	 features	 that	 make	 the	 application	 of	 nanoparticles	
intriguing	 in	 developing	 biosensors	 include	 their	 tailorable	 chemical	 and	 physical	
properties,	 their	biocompatibility	and	the	additional	properties	that	they	can	add	to	
the	biosensor	itself	118.	 	Thanks	to	their	excellent	electronic,	optical,	mechanical	and	
thermal	 properties,	 nanoparticles	 have	 been	 widely	 used	 for	 the	 construction	 of	
























The	 possibility	 of	 functionalising	 the	 nanoparticle	 surface	 with	 different	 substrates	
allows	 multiple	 detection126,127	 and,	 additionally,	 depending	 on	 the	 nanomaterial	




Due	 to	 their	 unique	 physical	 and	 chemical	 properties,	 nanomaterials	 have	 been	
extensively	 used	 for	 the	 development	 of	 biosensors	 for	 the	 rapid	 detection	 of	
microorganisms.	 The	 variety	 of	 nanoparticles	 used	 for	 the	 development	 of	 such	
detectors	depends	on	the	signal	transduction	method	and	the	recognition	element.	For	
this	purpose,	bacterial	toxins	and	the	microbial	cell	 itself	have	been	used	as	targets.	
The	 detection	 of	 a	 specific	 bacterial	 strain	 relies	 on	 the	 binding	 between	 specific	
molecular	 receptors	 (antibody/aptamer)	 and	 bacterial	 antigens	 present	 on	 the	
bacterial	cell	wall,	such	as	proteins	or	lipopolysaccharides	(LPS)128,129.	If	selectivity	is	
not	 required	 in	 the	 recognition	 between	different	 bacterial	 strains,	 the	 presence	 of	
saccharides	on	the	bacterial	cell	wall	and	the	negative	charge	of	the	cell	surface	can	be	
exploited	for	the	general	detection	of	bacteria130-133.	An	alternative	target	for	bacterial	
detection	 are	 toxins,	 which	 are	 mostly	 proteins	 or	 peptides.	 These	 proteins	 are	






involved	 in	 the	 recognition	 event	 or	 they	 are	 exploited	 to	 enhance	 the	 signal	





















Bacillus	subtilis139	 AuNPs	 Colorimetric	assay	 Lysosyme	 4.3x103	
L.	
monocytogenes140	
Magnetic	NPs	 Relaxation	time	(NMR)	 Antibody	 103	













have	 developed	 nanoprobes	 capable	 of	 selectively	 and	 rapidly	 detecting	 low	
concentrations	of	bacteria.	Commonly,	these	requirements	can	be	achieved	by	using	
antibodies/aptamers	as	 the	recognition	element	and	electrochemical	 techniques	 for	
the	transduction	of	the	binding	event.	Despite	the	advantages	of	these	types	of	nano-
sensor,	they	tend	to	be	expensive	due	either	to	the	material	required	for	their	synthesis	















the	 specific	 infection.	 The	 surface	 of	 the	 nanoprobe	 are	 functionalised	 with	 the	
substrates	 described	 and	 analysed	 in	 the	 previous	 section	 (2.3.2).	 Using	 carefully	
designed	nanoprobes,	we	expect	to	achieve	an	enhancement	 in	the	sensitivity	when	
compared	with	the	substrate	alone.	As	shown	in	Figure	40,	if	one	single	bacterium	is	









enzymatic-mediated	 detection.	 A	 single	 bacterium	 can	 produce	 many	 enzymes	 that	 can	 be	 detected	 by	 the	
nanoprobe	responsive	to	the	enzymatic	activity.		
The	advantage	of	using	the	nanoprobe	instead	of	the	substrate	is	illustrated	in	Figure	












Figure	 41:	 Schematic	 representation	 of	 how	 the	 sensitivity	 of	 the	 detection	 method	 can	 be	 improved	 by	
functionalising	the	nanoparticle	surface	with	the	substrate.		
In	 the	 following	 paragraphs,	 the	 pathways	 chosen	 for	 the	 development	 of	 the	
nanoprobe	are	discussed.	Issues	encountered	during	the	preparation	and	attempts	in	










Cyclohexane	 (anhydrous,	 99.5%),	 1-hexanol	 (anhydrous,	 ≥99%),	 Triton®	 X-100,	
tetraethyl	orthosilicate	[TEOS]	(99,99%),	ammonium	hydroxide	solution	(28%	w/v	in	




tablet	 dissolved	 in	 200mL	 DI	 water	 yields	 0.01M	 phosphate	 buffer,	 pH	 7.4)	 were	
purchased	from	Fisher	Scientific.	Here	after,	the	use	of	‘PBS’	refers	to	0.01	M	PBS,	pH	
7.4.	 Deionised	 water	 was	 prepared	 from	 200	 nm	 nylon	 membrane	 filters	 from	
Millipore.	 Streptavidin	 magnetic	 particles	 0.7-0.9	 µm	 were	 purchased	 from	 Kisker	
Biotech	GmbH	&	Co.	KG.	
3.2.2	Synthetic	methods	
		Synthesis	 of	 α-D-glucopyranoside	 bromide	 (bromo-D-glucose):	 MeONa	 (1.3	 g,	 24	




























2	 hours	 at	 340	 nm.	 The	 concentration	 of	 sugar	 in	 the	 supernatant	 was	 quantified	












of	 NaOH	 solution	 pH	 7.7.	 After	 1	 hour	 of	 shaking	 at	 700	 rpm,	 11	 mM	 solution	 of	





























was	 stirred	 overnight	 under	 nitrogen	 in	 the	 dark	 and	 at	 room	 temperature.	 The	






were	 evaluated	using	 the	Zetasizer	 software.	Data	 are	 reported	as	 average	of	 three	





















dispersed	 in	 1	 mL	 of	 water.	 The	 fluorescence	 values	 were	 measured	 at	




	 5-strept-MPs	 6-AuNPs	 7-SiNPs	
Fluorescence	(A.U.)	 25936	 6853.32	 693.32	
mM	of	dye/0.1	mg	of	NPs	 0.127	 0.053	 0.064	
mM	of	dye/1	mg	of	NPs	 1.27	 0.53	 0.64	
	
Quantification	of	surface	functionalisation	-	method	2:	








After	 12	 hours,	 a	 plateau	 was	 reached	 and	 the	 experiment	 was	 stopped.	 The	
fluorescence	values	were	measured	at	λex/	λem	wavelength	327/460	nm,	respectively.	
Using	 the	 calibration	 curves	 for	 compounds	5,	6	 and	7,	 the	 amount	 of	 fluorophore	
present	 on	 the	 NP	 surfaces	 was	 quantified	 for	 each	 particle’s	 type	 considering	 the	
highest	fluorescent	intensity	measured.		
Table	12:	Quantification	of	surface	functionalisation	by	method	2.	
	 Glu-5-strept-MPs	 Glu-6-AuNPs	 Glu-7-SiNPs	
Max.	fluorescence	(A.U)	 13377	 1086.33	 143	
mM	of	dye/0.1	mg	of	NPs	 0.065	 0.0074	 0.0066	



























































To	 sterile	 96-well	 microplate	 was	 firstly	 added	 NP	 samples	 at	 appropriate	
concentrations	 and,	 after	 the	 fluorescent	 signal	 at	 t0	 was	 measured,	 the	 bacterial	
samples	 were	 quickly	 added	 to	 each	 well	 and	 the	 increase	 of	 fluorescence	 was	
measured	over	time,	shaking	the	plate	at	600	rpm	at	37°C.	All	concentration	analysed	















Considering	 these	 values,	 the	 particles	 were	 tested	 for	 the	 inhibitory	 effect	 they	
induced	in	presence	of	the	enzymes	or	bacteria	at	the	final	concentrations	specified	for	
each	experiment.	
Enzymatic	 assay:	The	 assays	were	 carried	 in	96-well	 plates.	 200	μL	of	 2	mg/mL	of	




























followed	 but	 using	 0.5	 mg/mL	 as	 the	 starting	 concentration.	 To	 each	 well	 were	
subsequently	added	50	μL	of	300	CFU/mL	of	E.coli	 in	LB	broth	and	50	μL	of	1	mM	
solution	 of	 α-MUD,	 reaching	 200	 μL	 as	 final	 volume	 for	 each	 well.	 The	 final	
concentration	of	NPs,	E.coli	and	substrate	assayed	are	reported	in	Table	19.	The	plates	





















The	assays	were	 carried	 in	 sterile	96-well	 plates.	 100	μL	of	 2,	 1	 and	0.1	mg/mL	of	
strept-MPs	and	SiNPs	particles	were	added	to	three	different	wells	in	the	plate.	AuNPs	


























(EDC/NHS,	 SOCl2,	 TBTU/base)	 between	 the	 carboxylic	 group	 of	 the	 4-AAU	 and	 the	
amino	 groups	 available	 on	 the	 SiNPs.	During	 the	work	 up	 of	 the	 reaction,	 different	
centrifugation/redispersion	 steps,	 it	was	noticed	 that	 some	 fluorescence	 signal	was	
constantly	detectable	in	the	supernatants.	This	suggested	that	the	fluorophore	is	not	
covalently	 attached	 on	 the	 surface	 or	 that	 it	 was	 subsequently	 released	 into	 the	




























possess	 an	 ethylene	 group,	 whose	 reactivity	 with	 thiol	 groups	 could	 have	 been	




prepared	 by	 creating	 a	 thin	 shell	 made	 of	 APTMS	 and	 MTPMS	 in	 different	 ratios	
(Scheme	 11).	 A	 linker	 (allyloxy)ethoxy)ethan-1-amine	 was	 needed	 to	 introduce	 the	
ethylene	 group	 into	 the	 structure.	 The	 linker	 was	 required	 for	 the	 thiol-ene“click”	
reaction	but	additionally,	 it	would	have	acted	as	a	 spacer	between	 the	nanoparticle	
surface	 and	 the	 4-AAU	 derivate.	 This	 spacer,	 according	 to	 the	 literature,	 allows	 for	
better	 recognition	 of	 NP-attached	 substrates	 by	 the	 enzyme.	 It	 also	 enhances	 the	















linker	 (allyloxy)ethoxy)ethan-1-amine	 was	 not	 successful,	 despite	 the	 numerous	
attempts	and	changes	to	the	reaction	conditions.	Therefore,	compound	11	could	not	be	
obtained.	 In	 order	 to	 form	 the	 amide	 bond	 between	 fluorophore	 and	 linker,	many	
coupling	reactions	were	considered.	For	example,	the	carboxylic	group	was	activated	




































has	 been	 only	 hypothesised.	 b)	 Could	 be	 achieved	 after	 opening-closing	 of	 the	 lactone	 group	 in	 acidic	 or	 basic	
environment,	while	c)	and	d)	are	two	possible	inter-molecular	interaction	which	could	occur	particularly	in	alkaline	
conditions.				
This	 issue	has	been	discussed	 in	 the	 section	2.3.2	 related	 to	 the	 substrate	 synthesis	
where	similar	problems	were	observed.	Additionally,	it	has	been	proven	that	coumarin	
suffer	 from	dimer	 formation	 and	 lactone-ring	opening,	 even	under	mild	 conditions.	
One	of	the	earliest	studies	focusing	on	the	stability	of	coumarin	is	almost	100	years	old,	
when	 coumarin	 became	 known	 and	 the	 first	 photo-dimers	 was	 characterised.	
Coumarin	 suffers	 from	 photochemical	 [π2s	 +	 π2s]	 cycloaddition	 reactions	 for	 the	
double	 bond	 derivate	 from	 pyrone	 ring,	 which	 leads	 to	 formation	 of	 2	 structural	
















have	 been	 chosen	 to	 facilitate	 the	 functionalisation	 of	 nanoparticle	 surfaces.	 In	
particular,	 compound	5	 was	 used	 to	 functionalise	 streptavidin-coated	 polystyrene-
magnetic	 particles	 (strept-MPs	 of	 1000	 nm	 diameter)	 enabling	 the	 synthesis	 of	5-
strpt-MPs.	 The	 affinity	 of	 streptavidin	 for	 biotin	 is	 the	 strongest	 non-covalent	
biological	 interaction	 known,	 formed	 by	 several	 hydrogen	 bonds,	 hydrophobic	
interactions	and	van	der	Waals	forces.	Even	though	the	affinity	can	be	reduced	after	
modification	of	the	biotin	(o	avidin)	structure	the	binding	constant	commonly	remains	






























	 5-strpt-MPs		 6-AuNP	 7-SiNPs	
μmol	of	compound	 1.2	μmol/mg	 0.124	μmol/mg	 0.46	μmol/mg	
	
The	 second	 step	 of	 the	 synthesis	 involved	 the	 formation	 of	 the	 glycosydic	 bond	





























	 Strept-MPs	 AuNPs	 SiNPs	

















































functionalised	 with	 the	 biotinylated	 4-AAU	 derivate	 (6484.33	 ±	 237.4	 A.U),	 but	
decreased	when	the	hydroxyl	group	of	compound	5	was	glycosylated	(4378	±	50.41	
A.U.).	Similar	consideration	could	be	done	for	SiNP:	7-SiNPs	were	fluorescent	(1733.33	
±	 58.52	 A.U.)	 while	 Glu-7-SiNPs	 were	 not	 (232.33	 ±	 2.5	 A.U.).	 In	 both	 case	 the	
glycosylated	 particles	 (Glu-5-strpt-MPs	 and	 Glu-7-SiNPs)	 still	 have	 a	 higher	





indicates	 that	 the	 glycosylation	 was	 not	 successful.	 The	 increase	 in	 diameter	 after	
glycosylation	(from	89.66	±	1.13	nm	of	6-AuNPs	to	243.67±	7.21	nm	of	Glu-6-AuNPs)	
could	 indicate	particle	agglomeration	during	glycosylation.	 It	was	reasoned	that	 the	
glucose	 may	 have	 been	 physically	 adsorbed	 on	 the	 particle	 surfaces	 rather	 than	
covalently	linked	to	the	hydroxyl	group	of	compound	6.	Surface	charge	was	measured	
for	 AuNPs	 and	 SiNPs.	 The	 AuNPs,	 usually	 neutral,	 became	 more	 negative	 after	 the	
surface	 coatings.	Glu-7-SiNPs	 became	 instead	more	positive	which,	 considering	 the	
remarkable	 increase	 in	 diameter,	 was	 a	 possible	 indication	 of	
aggregation/agglomeration.	 The	 ζ-potential	 of	 strept-MPs	 was	 not	 measured	 since	













at	 the	hydroxyl	 group	 for	 the	5-strept-MPs,	6-AuNPs	 and	7-SiNPs.	 The	 amount	 of	
compound	5,	6	and	7	presents	on	the	surface	of	5-strpt-MPs,	6-AuNPs	and	7-SiNPs	
was	 therefore	 used	 as	 the	 amount	 of	 glycosylated	 substrate.	 Due	 to	 the	 partial	














of	 µmol	 of	 substrate	 for	 each	 mg	 of	 nanoprobe.	 Using	 these	 values,	 the	 amount	 of	
particles	needed	to	prepare	the	samples	used	for	the	enzymatic	assay	and	the	bacterial	
detection	experiment	was	calculated	(value	highlighted	in	yellow	in	Table	24).	Values	
achieved	 with	 the	 two	 separate	 methods	 are	 reported	 in	 Appendix	 section	 A2.5.	










	 Glu-5-strpt-MPs		 Glu-6-AuNPs	 Glu-7-SiNPs	
[substrate]	µmol/mg	 0.965	 0.097	 0.264	

















and	bacteria.	 If	 any	 inhibitory	 effect	 on	 the	 enzymatic	 activity	 and	bacteria	 grow	 is	
observed,	the	failure	in	detecting	the	presence	of	bacteria	can	be	related	only	to	the	
inefficiency	of	the	nanoprobe.		





shown	 the	 highest	 concentrations	 of	 particles	 used	 (1	 mg/mL	 for	 strept-MPs	 and	













inhibitory	 effect.	 The	 induction	 of	 protein	 denaturation	 or	 the	 alterations	 of	 the	





compared	with	 its	activity	 in	presence	of	 (a)	strept-MPs,	 (b)	AuNPs	and	(c)	SiNPs	at	different	concentrations	of	



























Additionally,	 all	 three	 types	 of	 nanoparticle,	 strept-MPs,	 AuNPs	 and	 SiNPs,	 were	
evaluated	 for	 their	possible	 effect	on	bacterial	 cells	 growth.	 In	order	 to	do	 this,	 0.1	
CFU/mL	 of	 E.coli	 was	 treated	 with	 three	 different	 concentrations	 of	 each	 type	 of	
particle	 and	 the	 toxicity	 of	 the	 particles	 was	 evaluated	 by	 determining	 the	 growth	
inhibition.	Strep-MPs	and	SiNPs	were	used	at	concentrations	of	1,	0.5	and	0.05	mg/mL	
while	for	AuNPs	were	used	at	0.25,	0.125	and	0.0625	mg/mL.	As	shown	in	Figure	50,	
the	 presence	 of	 nanoparticles	 did	 not	 inhibit	 the	 growth	 of	 bacterial	 cells	 initially.	

























































SiNPs.	 	 Furthermore,	 AuNPs	 were	 used	 in	 lower	 concentration	 due	 to	 lower	
availability.		
Enzymatic	assay		
All	 particles	 were	 tested	 individually	 in	 the	 presence	 of	 both	 α-glucosidase	 and	 β-
glucosidase.	 Different	 concentrations	 of	 particles	 were	 incubated	 with	 the	 same	
amount	of	enzymes	(100	μg/mL)	and	the	kinetics	of	the	recognition	event	was	tracked	
by	 measuring	 the	 fluorescence	 output.	 All	 nanoprobes,	 Glu-5-strept-MPs,	 Glu-6-
AuNPs	 and	 Glu-7-SiNPs	 were	 tested	 at	 concentrations	 of	 100,	 50	 and	 25	 µM,	
respectively.	 The	 raw	 data	 were	 normalised	 considering	 the	 auto-hydrolysis	 of	 the	















concentration	 (50	 µM)	 (Figure	 51).	 This	 phenomenon	 was	 not	 observed	 when	 the	
substrate	 alone	 was	 used	 at	 different	 concentrations	 (Figure	 32)	 and	 it	 was	 not	
observed	for	Glu-6-AUNPs	as	well	(Figure	52).	A	second	important	message	from	the	

















Glu-5-strept-MPs 100 µM a-glucosidase
Glu-5-strept-MPs 50 µM a-glucosidase
Glu-5-strept-MPs 25 µM a-glucosidase
Glu-5-strept-MPs 100 µM b-glucosidase
Glu-5-strept-MPs 50 µM b-glucosidase



































was	 observed	 in	 the	 activity	 of	 the	 two	 enzymes.	When	 treated	with	 α-glucosidase	
(green	lines	in	Figure	52)	the	increase	in	fluorescence	measured	was	somewhat	lower	
than	when	treated	with	 the	β-glucosidase	(purple	 lines	 in	Figure	52).	This	 indicates	
that,	during	the	synthesis	of	the	Glu-6-AuNPs,	the	anomerisation	process	takes	place	
more	intensively	and,	therefore,	the	glucose	present	at	higher	amount	is	likely	the	one	









fluorescence	was	 observed	with	 either	 enzyme	 (Figure	 53).	Only	 the	 values	 for	 the	
higher	concentration	(100	μM)	were	positive	after	normalisation.	This	supported	the	
conclusion	 made	 before:	 the	 functionalisation	 did	 not	 succeed	 and	 therefore	 the	
increase	in	size	was	only	indicating	the	aggregation	of	the	particles.	










Glu-6-AuNP 100 µM a-glucosidase Glu-6-AuN 100 µM b-glucosidase
Glu-6-AuNP 50 µM a-glucosidase
Glu-6-AuNP 25 µM a-glucosidase
Glu-6-AuNP 50 µM b-glucosidase































































Glu-7-SiNPs 100 µM a-glucosidase Glu-7-SiNPs 100 µM b-glucosidase
Glu-7-SiNPs 50 µM a-glucosidase
Glu-7-SiNPs 25 µM a-glucosidase
Glu-7-SiNPs 50 µM b-glucosidase



































































































































































insignificant,	 confirming	 the	negative	 results	 achieved	 in	 the	 enzymatic	 assay	 (data	
showed	in	Appendix	section	A2.6).		
Table	25	summarises	the	detection	times	required	for	the	detection	of	the	bacteria	with	
each	 of	 the	 different	 nanoprobes.	 It	 can	 be	 seen	 that	Glu-5-strpt-MPs	 and	Glu-6-
AuNPs	have	 similar	detection	 capabilities	 for	E.	 coli,	K.	 pneumoni	and	S.	 aureus,	 for	
which	the	 increase	 in	 fluorescence	was	detected	after	1	and	1.5	hours,	respectively,	








Table	 25:	 Detection	 time	 required	 for	 the	 detection	 of	 different	 bacteria	 at	 concentration	 of	 75	 CFU/mL	 when	
treated	with	three	different	types	of	nanoprobe	tested.		
	 E.coli	 Enterococcus	 K.pneumonia	 P.aeruginosa	 S.aureus	
Glu-5-strpt-MPs		 1	h	 3	h	 1	h	 3	h	 1	h	
Glu-6-AuNPs	 1.5	h	 \	 1.5	h	 \	 1.5	h	
Glu-7-SiNPs	 \	 \	 \	 \	 \	
3.3.3	Comparison	between	LOD	of	substrate	and	nanoprobe	





the	 introduction	 regarding	 the	 possibility	 to	 improve	 the	 LOD	 by	 attaching	 the	
substrate	 to	 the	 surface	 of	 nanoparticles.	 With	 the	 particles	 tested	 here,	 no	
improvement	 was	 achieved	 since	 no	 relevant	 difference	 was	 found	 between	 the	
substrate	 and	 the	 nanoprobe	 in	 terms	 of	 detection	 time.	 The	 table	 points	 out	 even	
different	 selectivity	 for	 bacteria	 between	 nanoprobes	 and	 substrates.	 For	 instance,	
Glu-5-strpt-MPs	 were	 capable	 of	 detecting	 all	 types	 of	 bacteria,	 although	 after	
different	incubation	times	(E.	coli,	K.	pneumonia	and	S.	aureus	were	detected	after	about	
1	h,	while	3	h	were	required	for	the	detection	of	P.	aeruginosa	and	Enterococcus).	β-4-











	 E.coli	 Enterococcus	 K.pneumonia	 P.aeruginosa	 S.aureus	
Glu-5-Strpt-MPs	 1	h	 3	h	 1	h	 3	h	 1	h	
Glu-6-AuNPs	 1.5	h	 \	 1.5	h	 \	 1.5	h	
Glu-7-SiNPs	 \	 \	 \	 \	 \	
β-4-AUUG	 1	h	 1	h	 1	h	 3	ha	 \	
β-4-MUD	 1.5	h	 1-1.5	h	 1.5	h	 3	hb	 1.5	h	
α-4-MUD	 2	h	 2	h	 3	h	 \	 3	h	
	
A	 few	 considerations	 could	 explain	 the	 lack	 of	 improvement	 when	 applying	
nanotechnology	 to	 the	 design	 of	 new	 tools	 for	 bacterial	 detection.	 (i)	 The	 loss	 of	
specificity	of	the	substrate	when	linked	to	the	NP	surface;	(ii)	the	inhibitory	effect	on	
the	enzymatic	activity	that	the	particles	themselves	induced;	(iii)	the	material	type	and	
size	of	particles	 could	 interfere	with	 the	bacterial	 growth,	 especially	 if	used	at	high	
concentration.	However,	the	intensity	of	the	signal	recorded	can	be	relevant	in	defining	
the	efficacy	in	the	detection	method	since	the	higher	the	signal,	the	higher	the	S/N	ratio.	









compound	 7	 with	 the	 hydroxyl	 groups	 on	 the	 SiNPs	 surface.	 Alternatively,	 the	
fluorophore	could	be	only	absorbed	by	electrostatic	interaction	on	the	surface	rather	
than	 been	 covalently	 attached	 on	 the	 particles,	 which	 leads	 to	 the	 removal	 of	 the	
compound	during	the	washing	steps.	Good	results	were	achieved	with	the	other	two	






nanoprobes	 showed	 that,	 during	 the	 glycosylation	 step,	 not	 all	 α-glucose	 was	
converted	 to	 the	 β-anomer,	 which	 instead	 occurred	 with	 100%	 yield	 during	 the	
synthesis	of	the	substrate.	As	a	result,	the	nanoprobe	surface	was	functionalised	with	
both	 α-	 and/or	 β-glucose	 substrates.	 This	 became	 obvious	 when	 an	 increase	 of	
fluorescence	was	observed	testing	Glu-5-strpt-MPs	with	both	α-	and	β-glucosidase.	










7-hydroxy-4-coumarin	 acetic	 acid	 (4-AAU),	 could	 be	 presumably	 solved	 using	 a	
different	 switchable	 fluorophore.	 Further	 stability	 issues	 were	 observed	 with	
carbohydrate	used.	Indeed,	isomerisation	led	to	unexpected	results,	when	using	and	α-
glucose	 for	 the	 synthesis	 the	 substrate	 reached	 was	 instead	 selective	 for	 the	 β-
glucosidase,	 or	 to	 the	 loss	 of	 selectivity	 for	 the	 specific	 enzyme	 during	 the	
functionalisation	 of	 the	 nanoparticles.	 For	 this	 reason,	 the	 carbohydrate	 could	 be	
replaced	 with	 a	 different	 molecule,	 e.g.	 amino	 acid,	 or	 other	 compounds	 easier	 to	
handle.	 Carefully	 choosing	 a	 different	 recognition	 element	 would	 allow	 even	 to	
enhance	the	selectivity	for	specific	bacteria.		
Magnetic	 particles	 functionalised	 with	 the	 switchable	 substrate	 (Glu-5-strpt-MPs)	
seemed	to	be	a	promising	way	for	the	development	nanoprobes	capable	of	bacterial	
detection.	In	particular,	it	is	important	to	avoid	the	anomerisation	process	in	order	to	
preserve	 the	 desired	 selectivity	 in	 the	 detection.	 The	 inhibitory	 and	 toxicity	 effect	






effect,	 it	 may	 be	 sensible	 to	 evaluate	 the	 possibility	 of	 using	 smaller	 streptaviding-
coated	magnetic	 particles.	 The	 sensitivity	 of	 detection	 given	 by	 using	NPs	 could	 be	
remarkably	 improved	 by	 enhancing	 the	 efficiency	 of	 the	 functionalisation	 and	
preserving	the	selectivity	for	a	specific	enzyme.		
The	possibility	of	multiple	functionalization	of	nanomaterials	could	be	exploited	for	a	






















of	 the	 active	 compound,	 the	 type	 of	 disease,	 the	 age	 of	 the	 patient,	 whether	 the	
treatment	 can	 be	 administered	 orally	 or	 through	 the	 respiratory	 tract	 or	 injected	
intravenously,	 etc.	 Each	 of	 the	 administration	 pathways	 possesses	 advantages	 and	
disadvantages.	Oral	administration	represents	the	most	suitable	dosage	method	and	is	
usually	 the	 preferred	 choice,	 due	 to	 its	 simplicity,	 convenience	 and	 minimal	
invasiveness.	 Besides	 these	 advantages,	 formulating	 active	 compounds	 for	 oral	
administration	 represents	 a	 challenge	 due	 to	 the	 harsh	 environments	 which	
characterise	the	gastrointestinal	(GI)	tract.	The	stomach	is	characterised	by	acidic	pH	















The	endothelial	 cells	and	mucous	 form	a	 thick	barrier	which	allows	 to	discriminate	
between	 what	 needs	 to	 be	 absorbed	 and	 what	 can	 be	 cleared	 as	 faeces.	 Small	
compounds	can	be	adsorbed	via	passive	transcellular	transport	and	specific	molecules	
can	be	actively	internalised	into	the	endothelial	cells	(transcytosis,	receptor-mediated	



















o! ingestion	 of	 food/beverage	 of	
particular	 substances	 can	 alter	
drug	 release	 and	 therefore	 the	
plasma	concentration		
•! Cost/effective	manufacturing	







Even	 though	 more	 than	 60%	 of	 drugs	 available	 on	 the	 pharmaceutical	 market	 are	
formulated	for	oral	administration,	this	route	is	often	hampered	by	low	solubility	of	
the	 drug	 in	 aqueous	 environment,	 vulnerability	 to	 degradation	 in	 the	 gastric	
environment	and	low	permeability	through	the	different	membranes	present	along	the	
GI	tract.	Solubility	and	permeability	determine	the	bioavailability	of	the	drug	 in	vivo	
and,	 ultimately,	 its	 efficacy.	 Additionally,	 some	 types	 of	 molecule	 can	 be	 particular	
unsuitable	for	oral	administration,	as	is	the	case	of	proteins	and	peptides.	These	types	
of	macromolecule	often	suffer	from	degradation/denaturation	in	the	stomach,	due	to	
the	 low	 pH	 and	 enzymatic	 activity	 (peptidases),	 and	 they	 permeate	 the	 intestinal	
endothelium	 with	 difficulty	 due	 to	 their	 hydrophilicity	 and	 high	 molecular	 weight	
(MW).		
Improvements	have	been	made	in	oral	formulations	which	led	to	the	development	of	













In	 order	 to	 overcome	 the	 pharmacokinetic-related	 issues,	 drugs	 have	 often	 been	
conjugated	with	other	molecules,	 forming	active	derivatives	or	so	called	 ‘pro-drugs’.	
Linking	 specific	 moieties	 to	 the	 active	 compound	 can	 achieve	 an	 enhancement	 of	
hydrophilicity,	extension	of	half-life	in	blood	and	a	reduction	in	clearance.	However,	
the	 added	 moiety	 should	 not	 alter	 the	 biological	 activity	 of	 the	 drug	 and,	 ideally,	
especially	in	the	case	of	the	pro-drugs,	the	linkage	should	be	cleaved	in	order	to	give	










with	 other	 two	 pharmaceutical	 companies,	 Emisphere	 Technlogy	 Inc.	 and	 Merrion	
Pharmaceuticals,	 which	 developed	 unique	 technologies,	 Eligen160	 and	 GIPET161,	




to	 overcome	 pharmacokinetic	 limitations	 observed	 for	 some	 drugs162.	 Taking	
advantage	 of	 the	 high	 surface/volume	 ratio	 and	 the	 high	 loading	 capacity	 of	
nanoparticles	made	from	different	biodegradable	materials,	active	compounds	can	be	
internalised	in	the	matrix	or	linked	on	their	surface,	enhancing	the	pharmacokinetics	
and	 bioavailability	 of	 the	 active	 compound163,164.	 Nanomaterials	 have	 proven	 to	 be	
efficient	 in	 protecting	 the	 drug	 in	 unfavourable	 environments,	 such	 as	 those	 in	 the	






thus	 enhancing	 the	 permeability	 of	 the	 drug	 and	 its	 efficacy165.	 By	 changing	 the	
formulation	and	modifying	the	chosen	nanomaterial’s	surface	chemistry,	it	is	possible	
to	 develop	 carriers	 which	 actively	 determine	 the	 pharmacokinetics	 of	 the	 drug	
considered166.	By	rationally	choosing	the	composition	of	 the	NPs,	 the	carrier	can	be	
formulated	 in	 order	 to	 have	 a	 specific	 kinetics	 of	 drug	 release,	 while	 they	 can	 be	
directed	 to	 the	 specific	 biological	 target	 by	 placing	 recognition	 moieties	 on	 their	
surface.	 In	 this	way,	 the	efficiency	of	 the	active	 compound	can	be	enhanced	and	 its	
potential	toxicity	decreased.	The	advantages	reached	by	applaying	nanotechnology	to	
oral	 drug	 delivery	 compared	 with	 the	 oral	 administration	 of	 the	 simple	 drug	 are	
summarised	in	Table	28167,168.	










Delivery	tracking	 Combining	 therapeutic	agents	with	 imaging	 tools	
allows	 to	 track	 the	 site	of	drug	delivery	and	give	
the	 possibility	 of	 ‘real-time	 evaluation’	 of	 the	 in	
vivo	drug	delivery	
Improved	solubility,	permeability	and	drug	protection	
















determine	the	efficiency	of	the	formulation	when	used	in	therapy.	 It	 is	 important	to	
have	a	clear	picture	of	the	path	followed	by	the	particles	in	vivo	and	their	interactions	
with	 cells.	 Inert	 nanomaterials,	 such	 as	 liposomes	 and	 SiNPs,	 which	 don’t	 have	
fluorescence	 or	 magnetic	 properties	 for	 instance,	 offer	 the	 possibility	 of	 multi-
functionalisation.	 Aside	 from	 the	 active	 compound	 they	 can	 for	 instance	 be	
loaded/functionalised	 at	 the	 surface	 with	 dyes	 which	 make	 them	 fluorescent	 and	
allowing	 the	 tracking	 of	 the	 particles	 with	 sophisticated	 fluorescent	 microscopy	





When	using	NPs	as	 carriers	 for	drug	delivery,	 it	 is	 essential	 that	 the	drug,	once	 the	
target	 is	 reached,	 is	 released	 from	 the	 particles	 becoming	 available	 to	 induce	 the	
desired	effects.	There	are	three	possible	scenarios	using	NPs	as	delivering	systems:	i)	
the	drug	can	be	released	from	the	particles	in	the	proximity	of	the	target,	thus	inducing	
its	 biological	 effect	 locally	 or	 being	 absorbed	 by	 cells	 and	 diffusing	 into	 the	 body	
through	the	circulatory	system.	ii)	NPs	can	anchor	to	the	cell	surface	and	release	the	
drug	or	 iii)	 the	NPs	 loaded	with	drug	 can	be	 internalised	by	 cells,	which	 is	desired	














tissue.	 This	 can	 be	 achieved	 by	 functionalising	 the	 nanocarrier’s	 surface	 with	 bio-
relevant	molecules,	such	as	antibodies,	carbohydrates,	receptor	substrates,	which	bind	
selectively	to	the	target.	In	the	case	of	therapies	administered	orally,	targeting	refers	
mainly	 to	 directing	 drugs	 to	 specific	 parts	 of	 the	 GI	 tract,	 usually	 to	 the	 intestinal	
epithelium.	 In	 particular,	 the	 small	 intestine	 is	 the	 site	 where	 absorption	 occurs,	
therefore	 the	 drug	 will	 enter	 the	 blood	 stream	 system	 and	 diffuse	 in	 the	 body.	
Alternatively,	 in	 the	 case	 of	 inflammatory	 diseases	 and	 bowel/colon	 cancers,	 the	
enteric	lumen	represents	the	actual	target	for	the	oral	therapy.	The	main	challenge	in	
oral	 delivery	 is	 to	 formulate	 the	 treatment	 so	 that	 it	 can	 avoid	 degradation	 in	 the	
unfavourable	gastric	environment	and	can	reach	the	intestinal	lumen	where	the	drug	
can	be	absorbed.	Nanotechnology	promises	to	be	efficient	in	protecting	the	drug	from	
both	 the	 acidic	 environment	 and	 enzymatic	 activity	 in	 the	 stomach,	 but	 once	 the	
intestine	is	reached,	the	drug	needs	to	be	released	from	the	carrier.		








ionisable	 groups,	 which	 determine	 solubility/structural	 changes	 in	 response	 to	
environmental	 pH-changes,	 the	 use	 of	 hydrophobic/hydrophilic	 polymers	 or	
acid/basic	sensitive	bonds,	situations	that	all	result	in	the	release	of	the	drug	from	the	
carrier179.	 Different	 pH-responsive	 NPs	 have	 been	 made	 by	 using,	 for	 instance,	
polyanions,180-182	 such	 as	 the	 Eudragits,	 hydroxypropyl	 methyl	 cellulose	 phthalate	
(HPMCP)	 and	 hyaluronic	 acid	 (HA),	 which	 can	 dissolve	 at	 different	 pH	 ranges.	
Moreover,	combining	polyanions	and	polycations,	it	is	possible	to	reach	the	desired	pH	
sensitivity	required	for	each	application.183,184	For	example,	Makhlof	et	al.	developed	
colon-specific	 nanospheres	 bycombining	 poly(lactic-co-glycolic	 acid)	 (PLGA)	 with	 a	
methacrylate	 copolymer	 into	 which	 budesonide	 was	 incorporated185.	 Changing	 the	





reaching	 the	 intestinal	 lumen	 where	 the	 HA-NPs	 significantly	 increase	 the	 insulin	
transport	through	enterocytes.	Data	showed	that	using	HA-NPs,	the	pharmacokinetics	













Depending	 on	 their	 physical-chemical	 properties,	 NPs	 can	 interact	 more	 or	 less	
efficiently	 with	 cells.	 This	 is	 a	 crucial	 aspect	 which	 must	 be	 considered	 when	
developing	 nanoparticles	 for	 oral	 administration	due	 to	 the	 issues	 related	with	 the	
enteric	barrier	discussed.	There	are	three	main	mechanisms	by	which	drugs	and	even	






The	 paracellular	 route	 is	 unlikely	 for	 macromolecules	 and	 NPs,	 since	 the	 junction	
between	adjacent	cells	 in	the	enteric	endothelium	is	particularly	narrow.	The	use	of	
some	 polymers	 in	 solution	 or	 assembled	 as	 nanoparticles,	 such	 as	 chitosan,	
poly(acrylic	 acid)-based	 nanoparticles,	 surfactants	 and	 thiolated	 polymers,	 can	
enhance	paracellular	transport	in	the	intestinal	lumen,	but	not	without	a	certain	risk	
of	toxicity187-190.		
Particles	 can	 be	 instead	 internalised	 by	 passive	 or	 receptor-mediated	 transcellular	
transport.	 Different	 attempts	 have	 been	 made	 to	 functionalise	 the	 surface	 of	
nanoparticles	with	specific	molecules	capable	of	binding	to	receptors	available	on	the	
intestinal	 lumen.	 For	 instance,	 particles	 have	 been	 coated	 with	 lectins,	 proteins	 or	





recognition	 processes.	 	 Some	 interesting	 results	 were	 achieved	 but,	 unfortunately,	
lectins	proved	to	be	highly	immunogenic,	often	inducing	irritation	of	the	GI	tract191-193.	
For	 example,	NPs	 actively	 uptaken	by	 intestinal	 cells	were	 designed	by	 coating	 the	
surface	of	particles	with	biotin,	clathrin	and	vitamin	B12,	for	which	specific	receptor-







The	 ability	 of	 NPs	 to	 adhere	 to	 the	 mucin	 can	 enhance	 drug	 bioavailability.	 By	
interacting	with	the	mucin,	the	carrier	prolongs	its	permanence	in	the	intestinal	lumen,	
which	 increases	 the	 amount	 of	 drug	 that	 can	 be	 released	 in	 proximity	 to	 the	
enterocytes,	reaching	a	favourable	gradient	for	its	absorption.	Alginate	and	chitosan	
have	 been	 largely	 exploited	 for	 their	 adhesive	 properties	 to	 formulate	 oral	
preparations206,207.	Many	works	can	be	found	in	the	 literature	regarding	NPs	coated	
with	chitosan	in	order	to	enhance	the	uptake	of	the	particles	and	it	seems	to	prolong	
the	 release	of	 the	 active	 component,	 allowing	 reduced	 the	 intake	of	 the	medication	
required	 for	 the	 therapy168,208.	 Alongside	 the	 use	 of	 chitosan	 to	 develop	 mucin-
adherent	nanocarriers,	good	results	have	also	been	achieved	using	PEG	or	alginates.	
Comparing	chitosan-coated	NPs	with	PEG-coated	NPs	for	their	efficiency	in	delivering	
salmon	 calcitonin,	 results	 showed	 that	 a	 better	 pharmacokinetic	 is	 reached	 using	
chitosan	due	to	the	burst	release	observed	using	PEG209,210.		
In	 order	 to	 develop	 better	 carriers	 for	 oral	 delivery,	 NPs	 have	 been	 coated	 with	
combination	 of	 polymers.	 For	 instance,	 Prego	 et	 al.	 synthesised	 new	 nano-capsules	
composed	of	chitosan	grafted	with	PEG,	such	that	the	resultant	PEGylated	chitosan	NPs	
exhibited	 the	 combined	 properties	 of	 both	 materials,	 e.g.	 stability	 in	 the	 gastric	













relationship	 between	 NPs	 and	 internalisation	 and	 results	 indicate	 that	 mainly	 NPs	
having	diameters	between	50-150	nm	are	better	accumulated	inside	cells212-214.	The	










indicate	 the	 tumour	 position.	 The	 higher	 efficiency	 of	 the	 treatment	 with	 50	 nm	 SiNP	 is	 observed	 by	 the	 size-









One	 of	 the	 first	 types	 of	 nanoparticles	 used	 for	 oral	 drug	 delivery	 were	 liposomes,	
which	are	vesicles	of	diameter	between	30	to	1000	nm.	They	comprise	one	or	more	
lipid	bilayers	formed	by	reorganisation	of	synthetic	or	natural	phospholipids	and	are	









pH-responsive	 liposomes	were	achieved	by	using	different	 lipids,	 such	as	palmitoyl	
homocysteine.	 Alternatively,	 other	 mechanisms	 of	 release	 have	 been	 achieved	 by	
changing	 the	 formulation	 of	 the	 liposome	 (thermo-responsive	 liposome,	 enzyme-
triggered	release	and	ultrasound	sensitive	 liposome)220-223.	 ‘Stealth’	 liposomes,	with	
improved	half-life,	have	been	made	by	increasing	the	amount	of	oligosaccharides	on	









Solid	 lipid	nanoparticles	(SLN)	are	a	more	recent	discovery	than	 liposomes;	 indeed,	









during	storage.	Their	use	 is	 limited	by	their	colloidal	 instability,	 their	unpredictable	
gelation	tendency	and	the	fact	that	incorporation	of	drugs	is	usually	low168,230,231.	Baek	













and	 pharmaceutical	 companies	 for	 the	 development	 of	 novel	 carriers	 for	 oral	 drug	
delivery236.	What	make	these	particles	attractive	is	that	they	are	easy	to	prepare	and	
there	 is	 a	 wide	 flexibility	 in	 their	 formulation	 thanks	 to	 the	 variety	 of	 polymers	
available	(chitosan,	alginate,	PLGA,	PLA,	PEG,	Eudragit,	etc.)181,237,238,	which	are	mostly	



















with	 lipophilic	 compound	 since	 the	 core	 of	 the	 particles	 is	 formed	 by	 solid	 lipids.	
Polymeric	nanoparticles	are	characterised	by	a	considerable	design-flexibility	thanks	















groups	 on	 the	 surface,	 the	 functionalisation	 by	 conjugation	 or	 electrochemical	
absorption	is	regarded	as	simple	and	led	to	the	development	of	various	type	of	SiNPs.	





biological	 targets,	 a	 wide	 assortment	 of	 nanoparticles	 for	 drug	 delivery	 systems	
(especially	for	cancer	treatment)	has	been	developed.	Lu	et	al.	evaluated	the	efficiency	
of	 the	 anticancer	 drug	 comptothecin	 (CPT)	 when	 loaded	 in	 mesoporous	 SiNPs	
(MSN/CPT)	 or	 in	mesoporous	 SiNPs	 functionalised	with	 folic	 acid	 (FMSN/CPT).	No	
increase	of	weight	was	measured	(Figure	62-A)	but	a	decrease	of	the	tumour	volume	
was	instead	visible	after	14	days	of	daily	treatment	with	1	mg	of	FMSN/CPT	(Figure	62-
B).	 The	 images	 of	 the	 mice	 at	 the	 last	 day	 of	 treatment	 highlight	 the	 efficacy	 of	
FMSN/CPT	in	treating	the	tumour	in	comparison	with	MSN/CPT	and	CTP	treatments	
(Figure	62-C).	Not	only	folic	acid	showed	to	be	useful	to	improve	the	bioavailability	of	
the	 active	 compound	 targeting	 it	 to	 cancer	 cells,	 but	 the	 functionalised	 particles	
showed	to	be	better	biocompatible	inducing	less	side	effects245.	Coating	the	particles	
with	 polymers	 (PEG	 and	 dextran)	 can	 modify	 the	 NP-cell	 interactions,	 leading	 to	
particles	 having	 a	 longer	 half-life,	 slower	 clearance	 and,	 ultimately,	 better	
bioavailability246.		
	
Figure	62:	Human	pancreatic	 cell	 line	 (MicaPaca-2)	have	been	 injected	subcutaneously.	The	experiment	 started	
after	 7	 days	 when	 the	 tumour	 was	 palpable.	 Evaluation	 of	 the	 different	 efficiency	 of	 the	 anticancer	 drug	
comptothecin	(CPT)	when	 loaded	 in	mesoporous	SiNPs	(MSN/CPT)	or	 in	mesoporous	SiNPs	 functionalised	with	






SiNPs	 are	 considered	biodegradable	 and	biocompatible,	 and	 are	widely	used	 in	 the	
food	and	cosmetic	industries.	However,	it	has	been	largely	studied	and	confirmed	by	
independent	 studies	 that	 the	 physico-chemical	 properties	 of	 SiNPs	 can	 affect	 their	
biocompatibility	dramatically.	For	 instance,	 small	particles	 (<	50	nm)	 induce	higher	
cytotoxicity,	 likely	 due	 to	 the	 higher	 cell	 internalisation	 compared	 with	 larger	
particles247,248.	At	 the	 same	 time,	 smaller	particles	have	been	 shown	 to	be	useful	 in	























applied	 to	drug	delivery6,250,251,	 it	was	 rationalised	 that	 the	better	protection	of	 the	
cargo	 that	 can	 be	 achieved	 using	 microporous	 SiNPs	 could	 be	 exploited	 for	 the	
development	 of	 carriers	 for	 oral	 drug	 delivery,	 where,	 as	 discussed	 earlier,	 the	
protection	of	the	drug	from	the	harsh	gastric	environment	remains	a	challenge.		Peng	
et	 al.	 proved	 this	protective	 effect	 using	microporous	 SiNPs	 to	deliver	 an	 antisense	
oligonucleotide	capable	of	interfering	with	gene	expression,	with	possible	application	
in	 treating	 viral	 infections	 and	 cancer252.	 Studies	 proved	 that	 the	 spectroscopic	













and	 degradation	 profiles	 of	 microporous	 SiNPs	 formulated	 using	 different	 ratios	 of	
different	 silane	 derivatives	 have	 been	 evaluated	 when	 exposed	 to	 different	
physiological	environments,	mimicking	the	conditions	encountered	along	the	GI	tract	
(acidic	stomach	and	basic	intestinal	lumen).	The	designed	particles	should	retain	the	











particular,	 five	 types	 of	 NPs	 have	 been	 synthesised	 using	 different	 ratios	 of	 two	
different	 silane	 derivatives.	 The	 structural	 difference	 between	 the	 two	 derivatives	
should	 lead	 to	 different	 polymerisation	 degrees	 during	 the	 formation	 of	 the	 NP’s	
matrices.	The	desired	result	is	to	obtain	particles	having	higher	or	lower	crosslinking	
















Cyclohexane	 (anhydrous,	 99.5%),	 1-hexanol	 (anhydrous,	 $99%),	 Triton®	 X-100,	
aminopropyl	 trimethoxysilane	 [APTMS]	 (97%),	 tetraethyl	 orthosilicate	 [TEOS]	
(99.99%),	 ethyltriethoxysilane	 (96%)[ETEOS],	 ammonium	hydroxide	 solution	 (28%	
w/v	in	water,	≥99.99%),	3-(trihydroxysilyl)propyl	methylphosphonate	monosodium	
salt	(42%	w/v	in	water)	[THPMP],	fluorescein	isothiocyanate	isomer	I	(≥90%)[FITC],	
fluorescein	 sodium	 salt	 [NaFlu],	 sodium	 phosphate	 dibasic	 (>98.5%),	 sodium	
phosphate	 monobasic	 (>98%),	 sodium	 carbonate	 (≥99.5%),	 sodium	 bicarbonate	
(≥99.5%),		were	purchased	from	Sigma	Aldrich	(Gillingham,	Kent).	Sodium	carbonate	























protocol	 usually	 followed.	 Five	 different	 types	 of	 SiNPs	 with	 differently-formulated	
silica	 matrices	 were	 synthesised:	 100%	 TEOS	 (FITC-SiNP100TEOS),	 75%	 TEOS-25%	
















re-dispersion	 in	 ethanol	 (3x).	 After	 purification,	 the	 nanoparticles	 were	 stored	 in	
ethanol	at	4°C.			
	 Synthesis	of	MB-SiNPs	and	NaFlu-SiNPs	series:	
3	 mM	 solutions	 of	 methylene	 blue	 (MB)	 and	 fluorescein	 sodium	 salt	 (NaFlu)	 were	
prepared	and	used	as	the	aqueous	phase	of	the	microemulsion	to	prepare	MB-SiNPs	
and	 NaFlu-SiNPs,	 respectively.	 The	 silica	 core	 was	 formed	 using	 the	 TEOS/ETEOS	

















SiNPs	 characterization:	 NPs	 of	 different	 series	 (SiNP-FITC,	 SiNP-NaFlu	 and	
SiNP-MB)	were	dispersed	at	a	concentration	of	500µg/mL	in	DI	water.	Their	size	and	
ζ-potential	 were	 analysed	 in	 a	 disposable	 folded	 capillary	 cell	 (DTS1070)	 at	 RT	 (∼	
25°C)	 using	 Malvern	 Zetasizer.	 Final	 values	 are	 reported	 as	 average	 of	 three	
measurements	(n	=	3)	±	SD.	
SiNP-FITC	stability	study	during	1	week	of	incubation	in	different	pHs:		250µg/mL	






































particle	 were	 calculated	 and	 expressed	 as	 a	 concentration	 (μM).	 From	 the	 values	
obtained,	the	number	of	molecules	per	NP	was	calculated	(Appendix	A3.1	for	details).			
Degradation	assay:	Two	methods	have	been	used	to	define	the	kinetics	of	degradation	


























and	 the	 dye	 release	 was	 checked	 every	 day.	 For	 the	 analysis,	 2	 mL	 of	 buffer	 were	
withdrawn	from	the	bottle	and	replaced	with	2	mL	of	fresh	buffer.		
GI	tract-like	assay	(only	for	FITC-SiNPs):	200	μg	of	FITC-SiNPs	were	washed	once	by	
centrifugation	 and	 re-dispersion	 in	 water	 before	 dispersion	 in	 1	 mL	 of	 phosphate	
buffer	at	pH	4.	The	samples	were	shaken	at	37°C,	at	600	rpm.	After	2	hours	the	samples	
were	centrifuged,	300	μL	of	the	supernatant	were	used	to	fill	three	wells	of	a	96-well	













firstly	 hydrolysed	 under	 basic	 conditions	 and	 then	 the	 thus-formed	 reactive	
intermediates	condense	as	shown	in	Figure	64.	258		
	 	




preparation	 of	 SiNPs	 on	 a	 large	 scale,	 the	 production	 is	 easy	 and	 the	






method	 by	 which	 spherical,	 monodisperse	 SiNPs	 of	 diameter	 50-100	 nm	 can	 be	
synthesised.	The	precise	control	of	size	and	properties	of	 the	particles	 is	 important,	
since	these	parameters	determine	NP-cell	interactions,	e.g.	cytotoxicity,	as	previously	
discussed.	In	this	method,	a	water-in-oil	microemulsion	is	formed	and	stabilised	by	the	
addition	 of	 surfactants,	 as	 shown	 in	 Figure	 65-i.	 The	 silane	 derivative	 used	 (e.g.	
tetraethyl	 orthosilicate–	 TEOS)	 and	 the	 catalytic	 base	 (e.g.	 ammonium	 hydroxide	














functionalisation	 of	 the	 particles.	 3-(Trihydroxysilyl)propyl	 methylphosphonate	
(THPMP)	and	(3-aminopropyl)trimethoxysilane	(APTMS)	have	been	used	for	the	shell	




its	 higher	 reactivity.	 Presumably,	 this	 is	 because	 THPMP	 presents	 hydroxyl	 groups	
already	available	for	the	condensation,	while	with	APTMS	methoxy	groups	need	to	be	

















hypothesis,	 5	 different	 types	 of	 SiNPs	 were	 synthesised	 using	 100:0,	 75:25,	 50:50,	




Figure	66:	Structure	of	TEOS	and	ETEOS	with	 the	difference	circled.	 In	 the	 table	are	 indicated	the	ration	(%)	of	
TEOS/ETEOS	used	for	the	synthesis	of	each	type	of	particles	and	the	corresponding	name.			
Three	 different	 sets	 of	 particles	 have	 been	 synthesised,	 loading	 different	 dyes	with	
different	 hydrophilicity	 in	 the	 silica	 core	 using	 different	 methods.	 The	 comparison	
between	the	results	achieved	with	the	different	set	of	particles	allow	to	determine	if	
the	hydrophilicity	of	the	cargo	and	the	technique	used	for	the	loading	could	determine	
the	 loading	 capacity	 of	 the	 particle	 and	 the	 release	 profile.	 Therefore,	 fluorescein	






















method	 following	 a	 procedure	 described	 by	 Bagwe	 et	 al.263	 and	 developed	 by	 our	


























Using	 ETEOS,	 a	 decrease	 in	 monodispersity	 and	 an	 increase	 of	 surface	 charge	 was	
noticed;	 for	FITC-SiNP100TEOS	and	FITC-SiNP100ETEOS	 the	PDIs	were	0.177	and	0.275	













	 	 DLS	 	 TEM	 Ratio	
	 Ø	(nm)	 PDI	 ζ(mV)	 Ø	(nm)	 ØDLS/	ØTEM	
FITC-SiNP100TEOS	 132.5	±	1.25	 0.177	±	0.016	 -27.8	±	0.80	 72	±	8	 1.8	
FITC-SiNP75TEOS	 144.1	±	1.46	 0.139	±	0.013	 -25.9	±	1.01	 79	±	16	 1.8	
FITC-SiNP50	 170.0	±	2.15	 0.147±	0.005	 -24.0	±	0.27	 80	±	13	 2.1	
FITC-SiNP75ETEOS	 163.7	±	1.72	 0.102	±	0.038	 -26.4	±	1.26	 58	±	20	 2.8	




of	 particles	 tested	 (222.9	 nm	 compared	 with	 the	 132.5	 nm	 of	 FITC-SiNP100TEOS).	
However,	when	measured	by	TEM	the	same	particles	are	actually	the	smallest	(albeit	




by	 DLS	 and	 TEM	 is	 indeed	 1.8,	 while	 the	 value	 calculated	 for	 FITC-SiNP100ETEOS	 is	
higher,	at	4.5,	as	reported	in	Table	30.	The	difference	in	the	data	obtained	from	the	two	
analytical	methods	 is	 related	mainly	 to	 the	different	procedure	required	 for	sample	
preparation.	 DLS	 requires	 particles	 in	 suspensions	 and	 therefore	 it	 measures	 the	




formation	 may	 support	 the	 hypothesis	 that	 the	 matrix	 formed	 using	 ETEOS	 is	
characterised	by	a	lower	crosslinking	density	and	is	less	dense	in	comparison	to	the	












particles	 scatter	 light	 to	 a	 greater	 extent,	 the	 instrument	 tends	 to	 misinterpret	 the	




of	 the	 Gaussian	 curve,	 the	 more	 the	 diameter	 varies	 between	 the	 particles	 in	 the	
sample.	Observing	the	TEM	images	in	Figure	69-a	and	the	normal	distribution	in	Figure	
69-b	it	is	noticeable	that	the	monodispersity	of	the	samples	decreases	using	ETEOS	in	




for	 the	 remaining	 samples	 indicates	 that	 the	particles	 in	 the	 samples	 are	of	 similar	
diameter.	TEM	analysis	indicated	that	the	sample	with	the	better	size	distribution	was	























NPs	 and	 as	 number	 of	 molecules	 of	 FITC	 internalised	 per	 individual	 particle.	 No	
relevant	difference	was	observed	between	the	loading	capacities	of	FITC-SiNP100TEOS,	
FITC-SiNP75TEOS	 and	 FITC-SiNP50,	 for	 which	 respectively	 1256,	 1755	 and	 1578	







SiNP75ETEOS	 and	 FITC-SiNP100ETEOS.	 In	 particular,	 the	 loading	 capacity	 of	 FITC-
SiNP100ETEOS	is	ten	times	lower	than	that	of	FITC-SiNP100TEOS	(122	versus	1256).	This	
is	probably	 related	 to	 the	properties	of	ETEOS,	which	presents	 in	 its	 structure	only	
three	 sites	 available	 for	 the	 polymerisation	 compared	 with	 the	 four	 ethoxy	 groups	
present	in	TEOS.	Therefore,	on	increasing	the	amount	of	ETEOS,	the	polymerisation	of	
the	FITC-APTMS	conjugate,	and	therefore	its	incorporation	into	the	matrix,	can	also	be	













The	 synthesised	 SiNPs	 are	 being	 proposed	 as	 vehicles	 for	 oral	 drug	 delivery.	 As	












































the	particles	 (B)	and	after	rearrangement	of	 the	material	NPs	become	hollowed	(C).	Adapted	 from	reference266.	
ORANGE	RECTANGLE:	SiNPs	maintain	their	morphology	while	dissolution	of	the	silica	matrix	occurs	in	the	inner	
and	outer	part	at	the	same	time	(1-6).	Adapted	from	reference269.	











the	 matrix,	 however	 the	 dissolution	 of	 the	 particles	 is	 certainly	 important	 in	
determining	the	kinetics	of	the	drug	release.		
The	 synthesised	 FITC-doped	 SiNPs	 have	 been	 evaluated	 as	 to	 their	 dissolution	 and	
drug	 release	 profile	 when	 exposed	 to	 buffers	 at	 different	 pH,	 mimicking	 the	
environmental	conditions	that	would	be	encountered	during	their	journey	along	the	GI	
track:	pH	4	which	represents	fed	stomach,	pH	6	which	corresponds	to	the	duodenum	
(initial	 part	 of	 the	 intestine),	 while	 pH	 7.4	 mimics	 the	 pH	 in	 the	 jejunum.	 The	
dissolution	process	was	evaluated	by	TEM,	while	 the	amount	of	cargo	released	was	
determined	by	measuring	the	amount	of	FITC	present	in	the	supernatant	once	isolated	
from	 NPs.	 The	 dissolution	 kinetic	 studies	 were	 accomplished	 using	 (i)	 Eppendorf	
tubes,	where	the	NP’s	suspensions	were	incubated	under	agitation,	and	(ii)	by	dialysis,	
where	 the	particles	 are	placed	 in	a	dialysis	bag	and	 immersed	 in	a	 stirred	aqueous	















For	 this	 experiment,	 250	 μg	 of	 nanoparticles	were	 re-dispersed	 in	 1	mL	 of	 sodium	
phosphate	buffer	at	pHs	4,	6	and	7,4.	The	solutions	were	incubated	at	37°C	and	agitated.	
Every	two	hours	the	particles	were	isolated	by	centrifugation	and	analysed	by	TEM,	







synthesised	 SiNPs	 for	 oral	 delivery,	 no	 drug	 would	 be	 released	 in	 the	 acidic	
environment	of	the	stomach	(Figure	74-i).	Some	differences	were	noticed	in	the	release	
kinetics	of	 the	differently	 formulated	particles	when	exposed	at	pH	6	 (Figure	74-ii).	
After	2	hours	 incubation,	 the	drug	 release	 calculated	 for	 each	 type	of	particles	was	
below	10%,	but	with	differences	in	the	release	kinetics.	After	8	hours,	the	amount	of	
FITC	 that	had	 leached	 from	FITC-SiNP75TEOS,	FITC-SiNP50	and	FITC-SiNP75ETEOS	was	
20%,	while	it	was	only	10%	for	FITC-SiNP100TEOS	and	FITC-SiNP100ETEOS.	After	24	hours	
incubation,	 it	 was	 determined	 that	 for	 FITC-SiNP75TEOS,	 FITC-SiNP50	 and	 FITC-




the	 particles	 immediately.	 All	 particles	 tested	 (FITC-SiNP100TEOS,	 FITC-SiNP75TEOS,	


















is	 released	 more	 rapidly	 from	 FITC-SiNP50,	 FITC-SiNP75TEOS	 and	 FITC-SiNP75ETEOS	
when	exposed	to	this	conditions	in	comparison	with	FITC-SiNP100ETOES.	 In	the	latter	
case,	after	24	hours	only	20%	of	dye	leached	out,	while	the	leaching	from	FITC-SiNP50	
and	 FITC-SiNP75TEOS	 reached	 60%.	 FITC-SiNP100ETOES	 and	 FITC-SiNP100TOES	 have	
similar	dissolution	kinetics	up	to	8	hours	but,	after	24	hours	a	difference	is	noticeable,	























During	 the	 Eppendorf	 experiment,	 at	 each	 time	 point,	 the	 pellet	 isolated	 after	
centrifugation	was	washed	several	times	to	remove	the	salts	of	the	buffer	before	TEM	
analysis	 (Figure	 76).	 It	 can	 be	 clearly	 seen	 that	 no	 changes	 in	 morphology	 were	
observed	for	all	types	of	particle	at	any	time	point	of	analysis	when	incubated	at	pH	4.	
Only	for	FITC-SiNP100TEOS	and	FITC-SiNP75TEOS	some	small	hollows	were	visible	after	
24	 hours	 incubation.	 The	 TEM	 images	 supported	 the	 release	 profile	 observed	 by	
measuring	 the	 FITC	 signal	 in	 the	 supernatant	 at	 pH	 4.	 All	 particles	 tested	 (FITC-
SiNP100TEOS,	 FITC-SiNP75TEOS,	 FITC-SiNP50,	 FITC-SiNP75ETEOS	 and	 FITC-SiNP100ETEOS)	















FITC-SiNP50,	 FITC-SiNP75TEOS	 and	 FITC-SiNP75ETEOS	 dissolved	 more	 rapidly	 when	
incubated	at	this	pH,	in	accordance	with	the	prompt	increase	in	dye	measured	in	the	
supernatant.	For	these	particles,	holes	began	to	be	visible	in	the	TEM	images	after	4	
hours	 incubation.	 The	 different	 fate	 of	 FITC-SiNP100TEOS	 and	 FITC-SiNP100ETEOS	
exposed	at	pH	6	during	the	24	hours	is	noteworthy	and	confirms	the	fluorescent	data	




















The	 base-catalysed	 etching	 of	 the	 silica	 matrix	 is	 evident	 at	 pH	 7.4,	 where	 the	
dissolution	of	the	particles	is	clearly	defined	after	only	2	hours	(Figure	78).	The	dye	
quantified	in	the	supernatant	and	the	TEM	images	partially	support	each	other.	Indeed,	
it	 can	 be	 seen	 that	 after	 6	 hours,	 the	 particles	 are	 deeply	 hollowed	 or	 partially	
dissolved,	 supporting	 the	 high	 fluorescence	 signal	 measured	 at	 this	 time	 point,	 as	
shown	previously	in	Figure	74.	However,	this	is	not	true	for	all	types	of	particle.	In	the	
case	 of	 FITC-SiNP100TEOS	 and	 FITC-SiNP100ETEOS,	 the	 changes	 observed	 in	 the	
morphology	of	the	particles	would	not	lead	one	to	think	that	they	correspond	to	the	














































































Although	 the	 dissolution	 profile	 results	 showed	 previously	 already	 proved	 the	 pH-
responsiveness	of	the	SiNPs,	an	additional	proof	of	the	applicability	of	SiNPs	for	oral	
delivery	 applications	 was	 given	 by	 exposing	 the	 particles	 to	 conditions	 that	 better	
represent	the	GI	tract.	Food,	once	ingested,	follows	a	particular	route	along	the	GI	tract,	
encountering	 different	 environments,	 which	 play	 specific	 roles	 in	 the	 digestion	
process.	Accordingly,	food	will	spend	more	or	less	time	in	each	compartment.	The	fate	

















results	 shown	 in	 Figure	 81	 confirm	 the	 pH-sensitivity	 of	 SiNPs	 and	 their	 possible	





























Closer	analysis	of	 the	graph	 related	 to	 the	pH	6	experiments	 reveals	 some	relevant	
information	 (Figure	 83).	 It	 can	 be	 seen	 that	 the	 diameter	 of	 FITC-SiNP100ETEOS	
decreases	rapidly	between	24-60	hours,	while	when	TEOS	is	present	this	tendency	is	
not	observed.	In	the	case	of	FITC-SiNP75ETEOS,	an	initial	decrease	in	size	is	observed	but,	
on	 the	 fourth	day,	 they	start	 to	aggregate.	 Interestingly,	 the	 tendency	 to	dissolve	of	
























































exposed	 to	 a	 gastric-like	 environment	 (pH	 4	 as	 the	 one	 in	 fed	 stomach),	 while	 the	
release	increases	with	the	increase	of	pH.	At	pH	6	the	leaching	increases	but	it	is	still	
limited,	which	means	that	more	cargo	will	be	released	at	pH	7.4,	allowing	the	drug	to	




slowly	 than	 the	other	NPs.	After	24	h	of	 incubation	at	pH	6,	20%	and	50%	was	 the	
amount	of	FITC	released	from	FITC-SiNP100ETEOS	and	FITC-SiNP100TEOS	respectively.	At	
the	same	condition,	60%	of	FITC	was	released	from	FITC-SiNP75TEOS	and	FITC-SiNP50	
after	 24	 h	 of	 incubation.	 This	 difference	 could	 become	 valuable	 when	 considering	
certain	active	compounds,	either	very	expensive	or	delicate,	 for	which	even	a	small	
improvement	 in	 the	efficiency	of	delivery	 could	 represent	a	 step	 forward.	Although	
there	 were	 minimal	 differences	 observed	 in	 the	 dissolution	 kinetics,	 the	 different	
combination	of	TEOS/ETEOS	used	for	the	core	formation	were	observed	to	determine	




first	 formed	 in	 the	 inner	 part	 leading,	 due	 to	 an	 Ostwald	 ripening	 process,	 to	 the	



































discussed	 in	 Section	 4.3.1,	 the	 use	 of	 ETEOS	 for	 the	 core	 formation	 leads	 to	
polydisperse	 samples,	 while	 with	 TEOS	 the	 samples	 are	 monodisperse.	 This	 is	
particularly	evident	for	NaFlu-SiNPs	where	the	PDI	measured	for	NaFlu-SiNP100ETEOS	
and	NaFlu-SiNP100TEOS	were	0.328	and	0.039	respectively.	DLS	data	were	supported	
by	 the	 TEM	 analysis	 where	 different	 populations	 are	 clearly	 visible	 in	 the	 MB-
SiNP100ETEOS	and	NaFlu-SiNP100ETEOS	samples.	DLS	data	indicate	a	correlation	between	
the	amount	of	ETEOS	used	 in	 the	core	 formulation	and	 the	hydrodynamic	diameter	
measured	for	both	series.	The	diameter	increases	from	138.1	nm	for	MB-SiNP100TEOS	
to	 190.4	 nm	 for	MB-SiNP100ETEOS	 and	 for	 the	 other	 types	 of	 particle	 the	 diameter	
increases	from	105.3	nm	to	139.5	nm	for	NaFlu-SiNP100TEOS	and	NaFlu-SiNP100ETEOS,	
respectively.	 This	 increase	 is	 however	 noticeable	 only	 when	 considering	 the	
hydrodynamic	diameter	since,	measuring	the	diameter	from	TEM	images,	the	particles	
composed	of	100	%	ETEOS	for	both	series	are	the	smallest	despite	the	high	SD.	From	












	 	 DLS	 	 TEM	
	 Ø	(nm)	 PDI	 ζ(mV)	 Ø	(nm)	
MB-SiNP100TEOS	 138.1	±	2.27	 0.185	±	0.037	 -23.2	±	0.85	 73	±	8	
MB-SiNP75TEOS	 147.2	±	2.07	 0.142	±	0.007	 -28.6	±	3.62	 65	±	8	
MB-SiNP50	 144.5	±	2.92	 0.139	±	0.014	 -28.7	±	0.53	 65	±	11		
MB-SiNP75ETEOS	 185.2	±	2.60	 0.099	±	0.015	 -18.6	±	0.61	 73	±	15		





	 	 DLS	 	 TEM	
	 Ø	(nm)	 PDI	 ζ(mV)	 Ø	(nm)	
NaFlu-SiNP100TEOS	 105.3	±	1.72	 0.039	±	0.012	 -36.6	±	2.04	 79	±	8	
NaFlu	-SiNP75TEOS	 112.5	±	2.56	 0.124	±	0.032	 -32.9	±	2.82	 81	±	11	
NaFlu	-SiNP50	 109.8	±	0.81	 0.125	±	0.026	 -41.1	±	2.5	 77	±	9	
NaFlu	-SiNP75ETEOS	 125.0	±	1.12	 0.127	±	0.013	 -36.1	±	4.25	 98	±	25	




SiNPs	 having	 cores	 made	 from	 100TEOS,	 75TEOS	 and	 50TEOS	 for	 both	 series	
(respectively	red,	orange	and	green	curves)	and	the	broad	bell	of	particles	whose	cores	














amount	 of	 ETEOS,	 the	 difference	 between	 the	 hydrated	 state	 and	 the	 dried	 state	
increases	too.	Although	the	difference	is	not	as	evident	as	for	the	FITC-SiNPs	series	(2.2	
and	2.8	for	respectively	MB-SiNPs	and	NaFlu-SiNPs	series	against	4.5	value	found	for	






















after	 24	 hours	 there	 was	 no	 pellet	 visible	 after	 centrifugation,	 indicating	 that	 MB	










NP	 surface.	 (ii)	 NaFlu	 is	 highly	 soluble	 in	 water	 and	 therefore	 it	 may	 be	 that	 dye	
retention	 is	 a	 greater	problem	 than	actual	 loading,	 or	 (iii)	 the	 low	photostability	of	
fluorescein	could	be	an	additional	problem	when	exposed	to	such	high	values	of	pH.	
MB	 was	 physically	 entrapped	 in	 the	 silica	 matrix,	 but	 since	 it	 is	 hydrophobic,	 the	
loading	was	more	successful,	although	it	is	still	lower	when	compared	with	the	FITC-









		 μM	 molecules/NP	 	 μM	 molecules/NP	
MB-SiNP100TEOS	 0.069	±	0.001	 100	±	2	 	NaFlu-SiNP100TEOS	 0.0004	±	0.00003	 0.7	±	0.06	
MB-SiNP75TEOS	 0.052	±0.001	 54	±	1	 	NaFlu-SiNP75TEOS	 0.0002	±	0.00003	 0.36	±	0.06	
MB-SiNP50	 0.058	±	0.001	 61	±	1	 	NaFlu-SiNP50	 0.0005	±	0.00005	 0.86	±	0.09	
MB-SiNP75ETEOS	 0.062	±	0.001	 91	±	2	 	NaFlu-SiNP75ETEOS	 0.0003	±	0.00003	 1.2	±	0.06	

















explain	 this	 behaviour:	 (i)	 the	 relative	 hydrophobicity	 of	 MB,	 especially	 in	 alkaline	
solutions,	 and	 (ii)	 its	 tendency	 to	 precipitate	 at	 pH	 lower	 then	 5	 (in	 such	 case,	 no	
absorbance	would	be	measured).	Yeo	and	co-workers	recently	showed	that	when	 in	







in	 order	 facilitate	 the	 dispersion	 of	 the	 compound	 analysed270.	 Presumably,	 the	




Conversely,	 the	release	of	NaFlu	from	the	carrier	was	immediate,	 indicating	the	 low	
retention	capabilities	of	the	particles	when	loaded	with	highly	hydrophilic	compounds	
(Figure	88).	After	1	hour	of	incubation,	at	all	pHs	tested,	all	available	dye	had	leached	
from	 the	 particles.	 Only	 in	 the	 case	 of	 NaFlu-SiNP75TEOS	 was	 the	 end-point	 was	
calculated	as	100%	of	the	dye	loaded.	The	difference	between	the	amount	of	dye	loaded	
and	 the	 maximum	 amount	 of	 dye	 released	 observed	 in	 all	 the	 remaining	 types	 of	
particle	is	likely	related	with	the	processes	followed	for	the	preparation	of	the	samples,	
which	 required	 one	 aqueous	 wash	 step	 in	 order	 to	 remove	 residual	 traces	 of	 the	












in	 Figures	 89,	 90	 and	 91.	 MB-SiNP100TEOS	 and	 MB-SiNP75TEOS	 appeared	 to	 be	
particularly	resistant	to	degradation	under	the	conditions	tested,	though	some	holes	
were	observed	only	for	MB-SiNP75TEOS	after	24	hours	at	pH	6.	Even	when	incubated	at	
pH	 7.4	 for	 24	 hours,	 no	 holes	 were	 visible	 in	 the	 matrix	 and	 no	 dissolution	 was	
observed.	Conversely,	for	MB-SiNP100ETEOS	a	few	indications	of	dissolution	were	visible	





more	evident	at	pH	6	and	especially	 at	pH	7.4.	 It	 is	worth	highlighting	 the	peculiar	
degradation	mechanism	observed	for	MB-SiNP75ETEOS.	When	incubated	at	pH	4,	after	6	
and	24	hours,	but	in	particular	after	24	hours	at	pH	6,	a	faint	layer	of	silica	was	observed	
at	 the	 outer	 surface	 of	 the	 particles	 while	 the	 core	 appeared	 solid	 and	 intact.	 This	
degradation	mechanism	could	be	similar	to	the	process	observed	by	Zhang	et	al.	when	
treating	SiNPs	with	NaBH4	(see	Section	4.3.2).	However,	the	same	particles,	incubated	



































after	 6	 hours	 of	 incubation	 all	 the	NPs	 show	 evidence	 of	 degradation,	 in	 particular	






















molecules	 (NaFlu)	 are	 very	 poorly	 loaded	 inside	 the	 silica	 matrix	 and	 that	 the	 low	




hydrophobic	dye	 from	MB-SiNPs	 appeared	 to	be	random	and	very	 low,	even	 lower	
than	30%	of	the	total	dye	loaded.	In	the	case	of	NaFlu-SiNPs,	the	issue	is	exactly	the	
opposite:	the	cargo	is	released	too	quickly,	even	at	pH	4,	which	indicates	that	the	drug	





hydrolysis/condensation	process	during	 the	 formation	of	 the	 silica	 core.	The	 issues	
related	 to	 the	MB-SiNPs	 are	 unfortunately	more	 complicated.	 Although,	 chemically	







of	 evaluating	 the	 properties	 of	 the	 particles	 when	 used	 as	 carriers	 for	 specific	
compounds,	since	the	release	and	degradation	kinetics	may	be	altered	by	the	physico-




	The	 observed	 weakness	 of	 MB-SiNP100ETEOS	 compared	 with	 the	 resistance	 to	
degradation	of	MB-SiNP100TEOS	is	noteworthy.	The	unique	degradation	properties	of	





4	and	degrade	at	pH	7.4,	which	makes	 them	efficient	 carriers	 for	oral	delivery.	The	
cargo	is	protected	from	the	acidic	environment	of	the	stomach	and	it	is	then	released	
in	the	intestine	where	absorption	occurs.	The	covalent	loading	method	(FITC-SiNPs)	
was	 the	 most	 advantageous	 compared	 to	 the	 physical	 entrapment	 of	 the	 dye,	
considering	 both	 the	 loading	 efficiency	 and	 drug	 retention,	 and	 it	 would	 be	




be	 slower	 than	 with	 FITC-SiNP100ETEOS.	 It	 was	 also	 interesting	 to	 observe	 the	
differences	 in	 the	dissolution	process	depending	on	 the	 silica	 derivate	used	 for	 the	
matrix	 formation:	 FITC-SiNP100TEOS	 degraded	 via	 a	 hollowing	 process,	 while	 FITC-
SiNP100ETEOS	simply	dissolved	without	the	formation	of	holes.		
Two	different	situations	were	observed	with	the	NaFlu	and	MB	loaded	SiNPs.	 In	the	






that	 highly	 hydrophilic	 dye	 should	 be	 covalently	 loaded	 inside	 the	 particles.	 At	 the	




started	 to	 degrade	 even	 when	 exposed	 at	 pH	 4.	 These	 results	 can	 be	 related	 to	 a	
possible	interaction	between	the	cargo	and	the	silica	matrix	of	the	particles.	This	could	
lead	 to	 (i)	an	alteration	of	 the	cargo’s	properties	and/or	(ii)	 to	 the	alteration	of	 the	
carrier’s	characteristics.	This	highlight	the	fact	that	each	formulation	requires	specific	
and	appropriate	studies	in	order	to	evaluate	its	applicability.	SiNPs	and,	presumably,	



































of	 the	 material	 could	 reduce	 its	 activity	 or/and	 increase	 its	 toxicity	 in	 the	 case	 of	
biological	 applications271,272.	 For	 these	 reasons,	 results	 obtained	 using	 colloidal	
suspensions	for	in	vitro	and	in	vivo	applications	cannot	be	considered	trustworthy	and	
reproducible	 if	 the	 properties	 of	 the	 material	 used	 vary	 over	 time.	 The	 physico-
chemical	 characteristics	 of	 the	 particles	 in	 solution	 are	 constant	 only	 for	 a	 certain	










of	particles	 are	 suspended	 in	organic	 solvent	 (i.e.	 ethanol),	 as	 is	 the	 case	 for	SiNPs.	
However,	organic	solvents	are	not	suitable	for	biological	purposes,	hence	several	steps	
of	washing	and	re-dispersion	in	aqueous	solvents	(water,	PBS,	etc.)	are	required	prior	
to	 use,	 which	 can	 induce	 aggregation.	 Furthermore,	 proteins,	 genetic	 material	 and	
antibodies	 experience	 denaturation	 if	 in	 contact	 with	 organic	 solvents,	 thus	
nanomaterials	 loaded	 or	 functionalized	 with	 them	 need	 to	 be	 stored	 in	 aqueous	
solutions.	 It	 has	 been	 often	 observed,	 on	 the	 other	 hand,	 that	 most	 types	 of	
nanomaterial	show	physical	instability	(aggregation/particles	fusion)	and/or	chemical	
instability	 (hydrolysis	 of	 the	 material	 forming	 particles,	 drug	 leaking	 and	 chemical	
reactivity	between	components),	once	in	an	aqueous	environment	(e.g.	SiNPs),	if	not	
stabilised	 with	 specific	 additives	 (e.g.	 AuNPs,	 which	 are	 often	 stabilised	 in	 citrate	
buffer).	These	considerations	have	led	researchers	to	look	for	suitable	ways	to	store	
colloidal	 systems	 for	 short/long	 term,	 while	 maintaining	 their	 physico-chemical	
proprieties.			
Two	main	opposing	forces	determine	the	stability	of	a	colloidal	suspension.	The	first	is	
Brownian	motion	 and	 involves	 a	 random	 change	 of	 direction	 as	 result	 of	 collisions	
between	 particles	 in	 suspension	 and	 the	 container	 walls273.	 The	 Brownian	 motion	








Figure	96:	Representation	of	Brownian	motion	of	 particles.	 Each	particle	moves	 casually	 in	 the	 solvent	 (a)	 and	
randomly	compared	with	the	other	particles	in	the	sample	(b).		
While	the	Brownian	motion	depends	mainly	on	the	system	in	which	the	particles	find	





weak	physical	 interactions,	 forming	precipitates	 larger	 than	 the	colloidal	size.	 If	 the	
colloidal	 particles	 are	 instead	 bonded	 through	 strong	 interactions,	 the	 process	 is	
named	 aggregation.	 By	 fusing	 together,	 the	 particles	 form	 an	 aggregate	 that	 is	





















The	 most	 common	 method	 to	 stabilize	 colloidal	 systems	 is	 based	 on	 electrostatic	
repulsion.	 The	 interpretation	 of	 aggregation	 between	 particles	 in	 suspension	 is	
summarized	in	the	DLVO	theory273,276,	which	defines	the	interaction	of	particles	as	a	





forces	 and	 they	 increase	 with	 the	 decrease	 of	 the	 distance	 between	 particles,	 with	
increasing	the	surface	area	of	contact	and	with	the	increase	of	salt	concentration	in	the	











the	energy	profile	 in	the	system	is	attractive	the	particles	will	approach	each	other	 forming	 initially	dimers	and	





of	 an	 electronic	 double	 layer,	 leads	 to	 a	 decrease	 in	 the	 interfacial	 tension	 and,	
therefore,	to	a	thermodynamically	stable	colloidal	suspension278,279.	The	electrostatic	
stabilization	 of	 colloidal	 suspensions	 is	 limited	 by	 the	 concentration	 of	 salt	 in	 the	
solvent.	It	is	known	that	the	use	of	highly	salted	solvent	destabilizes	these	systems	due	
to	changes	in	the	surface	charge	of	particles.	A	modification	of	the	DLVO	theory	has	
been	 proposed	 in	 which	 greater	 value	 is	 given	 to	 the	 presence	 of	 ions	 in	 the	
environment	surrounding	the	particles.	In	the	proposed	alternative	equation,	both	the	




modifications,	 the	 thickness	 of	 the	double	 layer,	which	determines	 the	 stabilization	
effect,	is	related	to	the	concentration	of	ions	in	the	solution280-282.	As	shown	in	Figure	
















concentration	 of	 salt	 decreases	 the	 stability	 of	 suspension	 because	 it	 decreases	 the	
energy	 that	 the	 particles	 need	 to	 overcome	 in	 order	 to	 fuse	 together.	 The	 second	








AuNPs	 are	 usually	 stabilised	 by	 using	 citric	 acid,	 the	 so-called	 Turkevich	 method,	




















� = 	��	(���) + ���	(������	�����) + 	��(	������	����������)286.	
	

















buffers	 or	 media	 where	 the	 superficial	 charge	 is	 neutralized/altered,	 or	 if	 the	
concentration	of	particles	is	high,	then	the	presented	technique	shows	limitations	that	
must	be	taken	into	consideration.		
As	 previously	 introduced,	 the	 repulsion	 between	 particles	 in	 suspension	 can	 be	
obtained	through	steric	hindrance.	This	means	that,	by	coating	the	particle	surface	with	
specific	polymers	or	other	materials,	 it	 is	possible	 to	physically	avoid	 that	particles	
come	 close	 enough	 to	 form	 aggregates.	 	 Stearic	 repulsion	 can	 occur	 between	












Different	 surface	 chemistry	 strategies	 have	 been	 applied	 in	 order	 to	 shield	
nanomaterials.	The	shell	can	be	formed	during	the	synthesis	of	the	nanomaterial	(in	
situ)289	or	post-synthesis290,291.	In	the	latter	case,	the	building	material	can	simply	be	









used	 to	 create	 steric	 hindrance	 on	 the	 surface,	 such	 as	 bulky	 proteins293	 (e.g.	





with	 lipids;	DLS	measurements	and	visual	 evaluation	of	 samples	proved	 the	 stabilisation	effect	 reached	 in	PBS.	
Adapted	from	reference298.	b)	The	graph	shows	that	the	stabilization	effect	increases	with	the	increase	of	the	BSA	
adsorbed	on	the	SiNPs	surface.	Adapted	from	reference295.		
Depending	 on	 the	 physico-chemical	 proprieties	 of	 the	 coating	 material	
(hydrophilicity/hydrophobicity,	 charge,	 etc.),	 along	 with	 stabilization,	 the	
biocompatibility,	loading	capacity,	half-life	in	the	bloodstream,	targeting	and	up-take	
can	also	be	enhanced.	However,	coating	the	nanoparticle	surface	can	limit	the	intrinsic	
activity	 of	 the	 nanomaterial.	 It	 has	 been	 pointed	 out,	 for	 instance,	 that	 coating	
supermagnetic	iron	oxide	nanoparticles	with	lauric	acid	and	albumin,	an	alteration	of	
the	 saturation	magnetization	 and	biocompatibility	 occurred,	 although	 there	was	no	







type	 of	 particles300.	 Steric	 stabilization	 has	 a	 few	 advantages	 compared	 with	 the	
electrostatic	 repulsion.	 For	 instance,	 it	 is	 not	 sensitive	 to	 surface	 charge	 and	 salt	











alternative	 technique	 can	 be	 used	 to	 give	 a	 more	 stable	 suspension.	 Through	
hydrothermal	treatment	of	the	synthesised	particles,	the	aggregation	process	can	be	
significantly	reduced,	limiting	the	formation	of	aggregates	even	once	the	particles	are	
exposed	 to	 unfavourable	 situations,	 such	 as	 highly	 salted	 buffers	 of	 complex	
medium301-303.	 Despite	 the	 good	 results	 achieved	 using	 this	 approach,	 the	 high	
temperature	and	the	particular	conditions	required	by	the	procedure	mean	that	the	
hydrothermal	 treatment	 is	 still	 not	 considered	 as	 a	 valuable	 alternative	 to	 stabilise	
colloidal	systems.			
Lyophilisation	
A	 further	 technique	widely	used	 to	 stabilize	 small	molecules,	proteins	and	colloidal	






























for	 large-scale	 production299.	 The	 second	 problem	 related	 with	 FD	 is	 that	 cryo-
protectants	 can	 affect	 the	morphology	of	 the	NPs	 surface,	 especially	 if	 used	at	high	
concentrations.	The	type	of	particles	and	the	type	of	cryo-ptrotectant	used	determines	
the	severity	of	these	changes.	For	instance,	as	shown	in	Figure	103-a,	when	liposome	
nanocapsules	 (LNC)	are	protected	with	mannitol,	 their	 surface	appears	more	rough	
and	porous	than	when	they	are	formulated	with	maltodextrin307.	 It	can	be	observed	
that	different	cryoprotectants	have	different	effect	depending	on	the	particle	surfaces,	






























The	methods	used	 for	 storing	 colloidal	 suspensions	described	above	are	 commonly	
used	by	suppliers	to	stabilise	nanomaterials	produced	on	a	large	scale,	before	delivery	
to	clients.	More	often	than	expected,	users	receive	items	with	different	properties	to	
those	 claimed	 by	 the	 provider	 and	 some	 differences	 are	 noticeable	 between	 the	
nominal	specifications	and	the	actual	characteristics	of	 the	nanomaterial.	When	this	
happens,	 the	 consequences	 can	 be	 deleterious	 for	 researchers	 who	 cannot	 rely	 on	
results	acquired.	It	is	always	necessary	to	characterise	the	nanoparticles	before	using	























Figure	 104:	 Size/shape	 of	 particle	 and	 specific/non-specific	 binding	 between	 ligand-receptor	 determine	 the	
wrapping	around	the	particles	and	its	internalisation.	Adapted	from	reference311.	
The	properties	of	the	NP	surface	are	fundamental	for	adsorption	and	cellular	uptake.	
The	 cellular	 surface	 is	 predominantly	 negatively	 charged	 and,	 therefore,	 positively	
charged	particles	interact	more	efficiently	with	them	compared	to	negatively	charged	
and	 neutral	 particles312-314.	 However,	 it	 is	 well	 documented	 that	 positively	 charged	
particles	tend	to	be	unstable	in	water,	buffers	and	cellular	media315.	Once	nanoparticles	
are	suspended	in	complex	fluids	(such	as	plasma,	whole	blood,	urine),	not	only	can	they	






of	 the	 protein	 corona	 can	 dramatically	 alter	 the	 biological	 activity	 of	 the	 particles,	
modifying	their	interaction	with	living	cells,	enhancing	their	toxicity,	making	both	the	
opsonisation	by	macrophages	and	accumulation	in	the	liver	easier,	thus	reducing	the	





lose	 specificity	 for	 the	 target317.	 Many	 research	 groups	 have	 tried	 to	 study	 the	
mechanism	 of	 formation	 of	 the	 protein	 corona,	 the	 proprieties	 of	 the	 surfaces	 that	
favourites	its	formation	and	the	biological	consequences318.	Functionalising	the	surface	
with	 copolymers	 (PEG	 and	 dextran)	 has	 been	 shown	 to	 limit	 the	 formation	 of	 the	
protein	corona	on	the	surface309,316,319.		
	




goal317.	 The	 events	 that	 can	 occur	 which	 alter	 NPs	 properties	 are	 highly	 system	
dependent	 and	 many	 factors	 need	 to	 be	 evaluated.	 Considering	 the	 difficulties	 to	
foresee	 the	 behaviour	 of	 particles	 when	 added	 into	 a	 biological	 medium,	 it	 is	
fundamental	to	rely	on	the	physico-chemical	properties	of	the	nanoparticles	prior	their	
use.	The	difference	in	surface	area	between	an	aggregate	and	monodispersed	colloid,	

















number	of	possible	applications	of	 the	material321.	 It	 is	well	documented	that	SiNPs	
increase	 the	 mechanical	 strength	 of	 polymeric	 gels.	 Numerous	 publications	 exist	
regarding	 the	 combination	 of	 different	 types	 of	 SiNPs	 and	 different	 polymeric	 gels,	




of	 the	 gel	 network	 to	 keep	 individual	 particles	 separated	 and,	 thus,	 stabilizing	 the	
colloidal	suspension.	We	propose	a	versatile	method	to	stabilise	colloidal	systems	in	
biological-friendly	 solvents,	 in	 order	 to	 maintain	 the	 chemical	 and	 physical	
characteristics	 of	 particles	 even	 after	 long-term	 storage.	 There	 is	 a	 plethora	 of	NPs	











model,	 some	 studies	have	 also	been	done	using	AuNPs,	which	 are	widely	used	 and	
normally	stabilised	in	citric	acid	or	PBS.		
The	correct	scaffold	
IUPAC	 defines	 a	 gel	 as	 a	 “non-fluid	 colloidal	 network	 or	 polymer	 network	 that	 is	
expanded	 throughout	 its	 whole	 volume	 by	 a	 fluid”274.	 Many	 features	 of	 gels	 are	
considered	in	their	classification,	as	represented	in	Figure	106.	Gels	can	be	classified	
according	to	the	composition	of	the	solid	network	and	the	fluid	continuous	phase.	If	an	




molecule).	 One	 of	 the	 most	 relevant	 classifications	 of	 gel	 takes	 into	 account	 the	




if	 weak,	 non-covalent	 interactions	 occur	 (hydrogen	 bonding,	 van	 der	 Waals	 forces,	
solvophobic	interactions,	etc.)	the	gel	is	considered	to	be	a	reversible/physical	gel.		





























•! The	 gelation	 must	 be	 readily	 reversible	 and	 the	 material	 must	 show	 a	 good	
balance	between	stiffness	and	reversibility	in	order	to	resist	until	certain	limits	
to	mechanical	stress	for	the	sample	to	successfully	be	delivered.		
Considering	 this,	we	decided	 to	 store	 silica	 nanoparticle	 in	 a	 low	molecular	weight	
hydrogel	 (LMWHG).	 These	 are	 made	 from	 relatively	 small	 molecules	 which	 form	 a	
three-dimensional	network	in	water	via	non-covalent	interactions,	to	give	a	reversible,	
self-supporting	gel.	LMWHs	having	the	advantages	of	being	easily	designed,	normally	
with	 biocompatibility	 and	 biodegradability,	 and	 have	 been	 widely	 applied	 in	
engineering,	enzyme	immobilisation,	drug	delivery,	cell	culture,	etc.	The	structure	of	
the	molecule	and	the	specific	interaction	needed	for	the	network	formation	determine	
what	 triggers	 the	 formation	 of	 the	 self-supporting	 gel	 and	 what	 induces	 its	
degradation.	In	particular,	we	chose	a	responsive	hydrogel	formed	by	the	amphiphilic	
molecule	Fmoc-galactosamine	(Fmoc-Gal,	Figure	107)	 in	which	 to	 trap	 the	particles.	
This	gelator	has	been	well-studied	and	its	various	structural	analogues	have	already	

















oriented	 such	 that	 they	 interact	 between	 each	 other	 forming	 a	 self-supporting	
hydrogel.	When	instead	the	self-supporting	hydrogel	is	shacked,	the	gel	is	broken	since	
in	 this	case	the	energy	 is	 lower	and	 it	 is	applied	at	 the	macroscopic	 level	not	at	 the	
molecular	level.	For	instance,	a	thermos-responsive	hydrogel325	could	be	problematic,	






Therefore,	 phenomena	 such	 as	 aggregation,	 sedimentation	 and	 fusion	 would	 be	
drastically	reduced.	The	principle	underpinning	this	idea	can	be	supported	by	analysis	
of	the	DLVO	theory:	suspended	nanoparticles	need	to	overcome	the	maximum	energy	
peak	 defined	 by	 the	 stability	 profile	 in	 order	 to	 reach	 the	 primary	 minimum	 and	


















term	storage	has	been	evaluated	and	 the	 results	 are	presented	 in	 this	 chapter.	The	
proposed	 method	 is	 simple	 and	 it	 is	 presented	 in	 Figure	 109:	 (i)	 the	 pellet	 of	
nanoparticle	 is	 re-dispersed	 in	 a	 solution	 of	 Fmoc-Gal	 and,	 after	 sonication,	























The	 versatility	 of	 the	 method	 has	 been	 evaluated	 using	 different	 type	 of	 NPs	 (i.e.	
AuNPs)	 in	 different	 environment	 (i.e.	 cell	 culture	medium).	 The	 applicability	 of	 the	
method	has	been	 investigated	 instead	by	 accomplishing	 in	 vitro	 and	ex	 ovo	 toxicity	

















of	 its	 structure329.	 Once	 again,	 freeze-drying	 is	 considered	 a	 suitable	 method,	
considering	that	removing	the	solvent	not	only	decreases	the	diffusion	of	the	drug	into	
it	but	the	matrix	degradation	can	also	be	limited.	However,	during	the	drying	process	
the	 drug	 loaded	 into	 the	 nanoparticles	 could	 migrate	 on	 the	 surface	 of	 the	 carrier,	
following	the	flow	of	the	solvent	during	the	evaporation.	As	a	result,	the	drug	will	be	
more	 concentrated	 at	 the	 surface	 of	 the	 nanoparticles,	 leading	 to	 a	 higher	 ‘burst	
release’	when	the	nanoparticles	interact	with	the	solvent	again330.		
We	expected	that,	by	increasing	the	viscosity	of	the	medium	in	which	the	carriers	are	
dispersed,	 the	 diffusion	 of	 the	 solvent	 through	 the	 matrix	 of	 the	 nanoparticles	 is	











Light	 scattering	 techniques	 are	 the	 techniques	 mostly	 used	 to	 analyse	 the	 size,	
polydispersity	and	surface	charge	of	particles	in	suspension.	Size	and	polydispersity	
are	determined	by	monitoring	fluctuations	in	the	intensity	of	the	light	scattered	from	
NPs	 in	 motion	 in	 the	 solution	 over	 the	 time.	 The	 way	 the	 light	 is	 scattered	 gives	
information	on	the	size	and	dispersion	of	the	NPs.	Dynamic	Light	Scattering	(DLS)	is	a	




involved.	 Physical	 interactions	 between	 NPs	 could	 occur	 and	 a	 normal	 cumulative	
analysis	would	not	give	a	reliable	description	of	the	droplets	size	in	the	sample;	in	this	
case,	 CONTIN	 analysis	 could	 be	 useful	 to	 obtain	 information	 about	 the	 entire	
distribution	of	the	particle	size.	In	the	case	of	complex	systems,	it	has	been	thoroughly	





overestimate	the	average	particles	size.	 In	such	cases,	 the	 intensity-size	distribution	
should	 be	 analysed	 together	 with	 the	 number-size	 distribution.	 In	 the	 latter,	 the	
number	 of	 NPs	 that	 give	 a	 specific	 signal	 are	 taken	 into	 consideration	 rather	 the	
intensity	of	the	light	scattered,	reducing	misinterpretation	of	the	real	sample.		






NTA	 does	 it	 through	 direct	 visualisation	 of	 the	 particles.	 Moreover,	 NTA	 analyses	
particle	size	and	particle	scattering	intensity	simultaneously,	allowing	the	analysis	of	
heterogeneous	 samples.	 NTA	 analysis	 is	 suggested	 when	 polydisperse	 samples	 are	












Using	 this	 technique,	 the	 sample	 is	 directly	 visualised	 allowing	 clear	 distinction	
between	 nanoparticles	 and	 gel	 fibres	 and	 the	 ability	 to	 highlight	 the	 presence	 of	
different	populations.	To	determine	the	particle	diameters,	images	acquired	with	the	
TEM	 camera	 were	 then	 processed	 with	 ImageJ	 software.	 While	 light	 scattering	
techniques	 calculate	 the	 diameter	 of	 particles	 in	 solution,	 for	 the	 TEM	 analysis	 the	




apparent	 size	 of	 the	 dynamic	 hydrated/solvated	 particle.	 Indeed,	 light	 scattering	
techniques	 measure	 a	 hypothetical	 hard	 sphere	 formed	 by	 the	 particle	 of	 interest	












occurred	 during	 the	 drying	 process	 required	 for	 the	 sample	 preparation.	However,	













•! Practical	 and	 generally	
automatic	software	
•! No	concentration	limits	
•! Trustworthy	 only	 for	
monodispersed	simple	
•! Many	parameters	need	











•! Allows	 to	 distinguish	











aminopropyl)trimethoxysilane	 [APTMS]	 (97%),	 tetraethyl	 orthosilicate	 [TEOS]	
(99,99%),	3-(Trihydroxysilyl)propyl	methylphosphonate	[THPMP],	monosodium	salt	
solution	50	wt	%	in	H2O,	ammonium	hydroxide	solution	(28%	w/v	in	water,	≥99.99%),	








nylon	 membrane	 filters	 purchased	 from	 Millipore.	 Rhodamine	 B	 isothiocianate	
(mixture	of	isomers)	[RBITC],	Dextran	(from	Leuconostoc	spp.;	Mr	~	40.000),	sodium	
borohydrate	 (>	 99.9%),	 sodium	 periodate	 (>	 99.8%),	 N,N-dimethylformamide	
(anhydrous,	 99.8%)	 [DMF].	 All	 mentioned	 were	 purchased	 from	 Sigma	 Aldrich	
(Gillingham,	UK).	Dulcebbo’s	Modified	Eagle	Medium	(DMEM)	without	phenol	red	and	
pyruvate	and	high	level	of	D-Glucose	was	purchased	from	GibicoTM.	The	model	cell	line	
U937	 (human	 hematopoietic	 cell	 line	 histiocytic	 lymphoma)	 was	 sourced	 from	
European	 collection	 of	 cell	 culture.	 Human	 glioblastoma	 cell	 line	 (GBM)	 U87-MG	
(ATCC®	HTB-14™,	 grade	 IV	WHO	classification)	was	obtained	 from	American	Type	
Culture	Collection	(ATCC®,	Manassas,	VA,	USA).	RPMI-1640	cell	culture	medium	was	
purchased	 from	 Sigma	 Aldrich.	 DMEM	 with	 phenol	 red,	 antibiotic-antimycotic	
(containing	 10,000	 units/mL	 of	 penicillin,	 10,000	 μg/mL	 of	 stremptomycin	 and	 25	
μg/mL	of	FungizoneTM),	fetal	bovine	serum	(FBS),	Trypsin-EDTA	were	purchased	from	
GibicoTM	(Life	Technologies).	Carbon	Tabs	(12	mm	Dia	G3347N)	and	0.5”	Aluminium	
specimen	 Stubs	 were	 purchased	 from	 Agar	 Scientific.	 CellTiter	 96®	 Aqueous	 One	














































was	 then	re-dispersed	 in	1	mL	of	gel	solution	by	ultra-sonication	 for	20	s	using	 the	
Sonics	vibra-cell	probe	at	20%	amplitude.	This	sonication	step	ensured	maximum	NP	
























Synthesis	 of	 SiNP-Rho:	 	 NPs	 were	 formed	 in	 a	 microemulsion	 prepared	 by	
combining	Cyclohehexane	(7.5	mL),	1-hexanol	(1.133	mL),	Triton®	X-100	(1.894	g),	DI	
water	(0.48	mL)	in	a	30	mL	plastic	bottle	under	constant	stirring.	To	the	mixture	100	










solution	 was	 used	 to	 redispersed	 a	 pellet	 of	 1	 mg	 of	 SiNP	 and	 the	 suspension	 was	
shacked	for	1	hour.	0.5	ml	of	10	mM	solution	of	sodium	borohydride	in	DMF	was	added	




Preparation	 of	 nanoparticle-loaded	 gels	 and	 aqueous	 nanoparticle	 solutions:	
Both	samples	(gel	and	solution)	were	prepared	following	the	same	protocol	mentioned	
















TEM	 micrographs	 were	 obtained	 using	 a	 Jeol	 JEM-3200FS	 transmission	 electron	
microscope	operated	at	150	kV.	Sample	preparation	involved	carefully	pipetting	water	
solution	 (5	 µL)	 of	 NP	 onto	 ‘Carbon	 Films	 on	 400	 Mesh	 Grids	 Copper’	 from	 Agar	
Scientific.	No	staining	was	necessary,	as	the	NPs	were	electron	dense	enough	to	provide	
sufficient	contrast.		










SiNPs)	both	 solution-	 and	 gel-semples	were	 vortexed	 for	 the	 same	amount	 of	 time,	









The	 interaction	 AuNP-hydrogel’s	 fibres	 and	 the	 dissolution	 of	 the	 gel	 after	 dilution	
were	 visualised	 by	 dark-field	 microscopy	 using	 Axio	 Imaginer	 A1.m	 Zeiss,	 50	 x	
Objective.	 For	 the	 visualisation	 of	 the	 stability	 of	 SiNPs	 pumped	 through	 the	
microfluidic	chip	was	used	epifluorescence	microscope	Axio	Imaginer	A1.m	Zeiss,	10	x	
Objective	using	filter	set	–	77HE	from	Zeiss.	The	video	were	recorded	with	PCO	camera.					




the	 sample	 (t0)	 was	 diluted	 to	 concentration	 of	 0.25	 mg/mL	 with	 DI	 water	 and	
analysed	by	DLS	and	TEM.		The	remaining	samples	were	diluted	with	1	ml	of	DMEM	to	








recorded	 with	 CCD	 camera	 and	 processed	 using	 Nanoparticles	 Tracking	 Analysis	
software.	 Only	 AuNPs	 samples	 were	 analysed	 with	 this	 technique.	 Samples	 were	
diluted	twice	with	DI	water	and	injected	in	the	caber	by	1	mL	syringe.			
UV-Vis	analysis	
A	 Tecan	 Infinite	 M200	 Pro	 Safire	 microplate	 reader	 was	 used	 for	 the	 majority	 of	
absorbance	and	fluorescence	emission	measurements.	0.2	mL	of	samples	were	added	






















and	NP-MB-NH2)	were	 prepared	 following	 the	procedure	described	 above	using	DI	
filtered	waterand	PBS	0.01	M	as	media.	After	28	days	of	storage	at	4°C,	both	solution-	
and	 gel-sample	 were	 vortexed	 to	 brake	 the	 gel	 and	 release	 the	 particles	 beck	 in	

























MTS	 with	 U937	 cell	 line:	 The	 cells	 were	 cultured	 in	 RPMI-1640	 medium	
supplemented	with	1%	FBS	and	antibiotics.	The	cytotoxicity	was	analysed	for	the	three	






































and	 all	 samples	 tested	 were	 diluted	 to	 the	 desired	 concentration	 using	 the	 above-
mentioned	solution.	The	values	were	calculated	as	mean	±	standard	division	(n=6).	
RBCs	 aggregation	 assay:	 To	 analyze	 the	 red	 blood	 cell	 aggregation	 after	
interaction	with	the	samples,	the	red	blood	cell	stock	solution	was	adjusted	to	20000	








µg/Ml)	 was	 used,	 since	 this	 type	 of	 particle	 was	 proven	 to	 cause	 significant	
aggregations	due	to	its	positive	surface	charge333.	The	negative	control	(GlcHEPES	with	
erythrocytes),	 the	 blank	 (GlcHEPES	 without	 erythrocytes)	 and	 the	 sample	 controls	















test	 samples	 diluted	 with	 GlcHEPES	 were	 tested	 in	 similar	 concentrations	 without	
erythrocytes	 (sample	 control)	 in	 order	 to	 exclude	 any	 influence	 on	 the	 absorption	
measurement.	Cells	treated	with	1%	solution	of	the	nonionic	surfactant	Triton	X-100	
was	 used	 as	 positive	 control.	 Untreated	 cells	 served	 as	 negative	 control.	 The	
percentage	 of	 the	 released	 hemoglobin	 in	 relation	 to	 the	 positive	 control	 was	
determined	using	following	equation:	







classified	 as	 0-2%	 non-hemolytic,	 2-5%	 slightly	 hemolytic	 or	 >5%	 for	 hemolytic	























two	 independent	 experiments	 with	 a	 minimum	 total	 number	 of	 8	eggs.	 Eggs	 were	









which	 is	 discussed	 in	 detail	 in	 Chapter	 4	 (4.3.1).	 In	 order	 to	 better	 evaluate	 the	
versatility	of	our	method,	different	types	of	SiNPs	were	synthesised.	All	particles	have	
the	same	core,	formed	by	polymerisation	of	tetraethyl	orthosilicate	(TEOS),	but	differ	










NH2,	NP-NaFlu-NH2	 and	NP-MB-NH2	were	modified	on	 the	 surface	with	a	 relatively	
thick	 shell	 consisting	 of	 polymerized	 TEOS:APTMS	 molecules	 in	 a	 ratio	 of	 1:4	 (by	
volume).	 SiNPs	with	a	 thicker	 shell	 and	without	 shell	were	also	 synthesised	 (NP-A-
FITC-NH2	 and	NP-FITC,	 respectively)	 in	 order	 to	 evaluate	 the	 relationship	 between	
stability	and	particle	size.	The	structure	and	characteristics	of	the	SiNPs	synthesised	
and	used	for	this	analysis	are	depicted	in	Figure	113.	The	first	type	of	particle,	NP-FITC,	
has	 no	 shell;	 this	 should	 lead	 to	 small	 neutral	 particles,	 but	 the	 surface	 charge	 is	
actually	 negative	 due	 to	 the	 spontaneous	 hydrolysis	 of	 TEOS	 used	 for	 the	 core	
formation,	which	 leads	to	the	presence	of	silanol	groups	on	the	surface.	The	second	
type,	NP-A-FITC-NH2,	is	composed	of	the	silica	core	and	by	a	thicker	shell,	since	100	μL	








































a	 diameter	 of	 157nm/101nm,	 with	 surface	 charge	 of	 -18/-22.5	 mV,	 in	 ethanol	 and	
water,	respectively.	 Interestingly,	 the	presence	of	shell	resulted	 in	NPs	with	a	much	
brighter	 yellow/orange	 colour	 when	 compared	 to	 the	 NP-FITC	 without	 the	 shell	























	 ethanol	 water	 vacuum	
NP-FITC	 64	±	24	 0.382	 -30	 72	±	6	 0.374	 -34.4	 38	±	6	
NP-A-FITC-NH2	 157	±	13	 0.373	 -18	 101	±	8	 0.249	 -22.5	 68	±	14	
NP-B-FITC-NH2	 378	±	31	 0.918	 46	 712	±	1	 0.754	 3.6	 89	±	10	
NP-NaFlu-NH2	 342	±	1	 0.112	 17.7	 53	±	5	 0.148	 12.2	 62	±	11	











leaching	 of	 the	 cargo.	 The	 importance	 of	 cargo’s	 properties	 has	 been	 considered	
through	 comparison	 of	 the	 leaching	 of	 methylene	 blue	 (hydrophobic	 dye)	 and	







preparation	 of	 the	 gel	 samples,	 the	 NPs	 pellet	 was	 re-dispersed	 by	 sonication	 in	 2	
mg/mL	of	the	Fmoc-Gal	gelator	solution.	For	the	preparation	of	the	solution-samples,	
the	 pellet	 was	 instead	 re-dispersed	 in	 water	 and	 sonicated.	 Both	 the	 aqueous	 and	
hydrogel	formulations	were	stored	at	4˚C	for	varying	lengths	of	time.	After	storing	the	
NPs,	both	the	solution-	and	gel-samples	were	shaken	by	hand	to	convert	the	hydrogel	






































or	number-size	distribution.	Both	cases	highlighted	 that	considering	 the	 intensity	values	 the	samples	can	easily	
wrongly	interpreted.		
To	 have	 a	 more	 robust	 interpretation	 of	 the	 sample	 and	 to	 better	 evaluate	 of	 the	
polydispersity	of	the	samples,	we	chose	to	use	TEM	as	main	analytical	technique.	By	





particles	 did	 not	 experience	 any	 relevant	 changes	 in	 morphology.	 Using	 ImageJ	
software,	 the	particles	size	was	calculated	 from	the	TEM	image	of	each	sample.	The	
normal	 distribution	 of	 the	 measurements	 (Figure	 117,	 right	 column)	 confirms	 the	
presence	of	different	populations	 in	 the	solution	samples	 (green	 line)	since	 the	bell	
curve	is	very	broad.	On	the	contrary,	curve	representing	particles	stored	in	gel	(blue	

























cargo	when	stored	 in	both	ethanol	and	water,	 for	3	weeks,	was	 studied	 in	order	 to	




measured.	The	signal	given	by	 the	particles	 isolated	by	centrifugation	at	each	 time-





be	noticed	 that	when	stored	 in	ethanol,	 the	 fluorescent	values	of	 the	pellet	 isolated	
every	time-point	for	NP-B-FITC-NH2	decreased	slowly	(Figure	118-a)	while	after	two	
days	no	fluorescence	signal	was	measured	for	the	NP-NaFlu-NH2	(Figure	118-b).	This	
indicates	 that	 the	 leaching	during	storage	 is	 reduced	 if	 the	dye	 is	 covalently	 loaded	
inside	 the	 particles	 (NP-B-FITC-NH2)	 while	 it	 is	 remarkably	 high	 if	 the	 dye	 is	 only	
















to	 0.5	 mg	 of	 NP/mL	 and	 centrifuged.	 The	 leaching	 occurred	 during	 storage	 was	
evaluated	 in	 this	case	measuring	 the	signal	 in	 the	supernatants.	 In	Figure	119-a	are	
shown	solution-	and	gel-samples	as	they	looked	after	storage	and	after	being	shaken	
and	 diluted.	 By	 naked	 eye	 was	 possible	 to	 notice	 the	 differences	 between	 the	
stabilisation	 effect	 of	 the	 gel	 in	 the	 case	 of	 NP-FITC-NH2	 and	 NP-MB-NH2	 were	
aggregates	were	clearly	visible	in	the	solution-sample	while	the	gel-samples	appeared	
homogeneous.	 In	Figure	119-b	are	 shown	 fluorescence	and	UV/Vis	values	achieved	
measuring	the	supernatant	after	centrifugation	of	the	solution-	and	gel-samples.	For	
NP-B-FITC-NH2	 the	 leaching	 was	 partially	 reduced	 when	 stored	 in	 gel	 while	
noteworthy	is	the	case	of	NP-NaFlu-NH2,	for	which	the	efficiency	of	the	gel	in	limiting	
the	dye	leaching	during	storage	is	evident.	For	both	water	and	PBS	formulations,	the	


















Two	 sizes	 of	 commercially	 sourced	AuNPs	were	used	 for	 the	 study,	 30	 and	80	nm,	
named	 30-AuNPs	 and	 80-AuNPs	 respectively.	 Both	 types	 of	 particle	 were	
characterised	using	DSL	 and	NTA	and	by	UV/Vis	 spectroscopy.	The	 analyses	 of	 the	
particles	were	 carried	 out	 after	 several	washes	with	water	 in	 order	 to	 remove	 any	
stabiliser	that	can	be	present	in	the	stock	solution.	2	mL	of	30	nm	and	80	nm	of	AuNPs	
stock	 solutions	 were	 chosen	 as	 the	 sample	 concentrations,	 which	 corresponded,	

















as	 much	 stabiliser	 as	 possible.	 Using	 organic	 solvents	 or	 PBS	 would	 increase	 the	
efficiency	of	 the	washing	process,	but	the	particles	would	agglomerate	 immediately,	
making	 them	 unsuitable	 for	 our	 purpose.	 Solution	 and	 gel	 samples	 were	 prepared	
using	2	mL	of	30-AuNPs	and	80-AuNPs	stock	solutions	(4×1011	and	2.5×1010	particles	
respectively).	 The	 particles	 were	 washed	 five	 times	 by	 centrifugation	 and	 re-
















thoroughly.	DLS	data	were	 analysed	by	 considering	 the	most	 abundant	peak	 in	 the	
number-size	analysis,	in	order	to	reduce	the	influence	of	the	gel	fibres	in	the	gel-stored	
samples.	According	to	these	results,	little	difference	was	found	between	the	solution	
and	gel	 samples	 for	80-AuNPs.	 In	 the	case	of	 the	30-AuNPs	particles	gel	appear	 to	
slightly	 reduce	 the	 agglomeration	 process	 since	 105.7	 nm	 and	 177.2	 nm	 were	 the	
average	values	measured	for	the	gel-sample	and	solution	sample,	respectively	(Figure	
122-a).	A	clearer	characterisation	of	the	sample	was	given	by	NTA	analysis,	where	it	is	




b).	 Data	 showed	 that	 more	 populations	 were	 present	 in	 the	 solution-samples	 in	






















absence	 of	 charge	 on	 the	 particles	 surface	 after	 the	 washing	 process.	 However,	 as	
previously	mentioned,	one	of	the	main	requirements	for	the	gel	to	be	suitable	for	the	
requirement	of	storage	colloidal	systems	 is	 that	 irreversible	 interactions	should	not	
occur	between	nanomaterial	and	gel	matrix.	Therefore,	it	became	necessary	to	further	
evaluate	the	intensity	of	the	AuNP-fibres	interactions.	As	shown	in	Figure	123	further	












As	 mentioned	 in	 the	 introduction,	 AuNPs	 are	 commonly	 electrostatically	 stabilised.	
This	 method	 makes	 them	 stable	 in	 water,	 but	 the	 stability	 is	 lost	 if	 highly	 salted	
solutions	are	added.	Considering	that	the	AuNPs	interact	reversibly	with	the	Fmoc-Gal	





AuNPs	 in	 solution	aggregate	 (Figure	124	 vial	e)	 and	 some	precipitation	was	visible	
after	24	hours	at	 the	bottom	of	 the	vial	 (vial	g).	The	aggregation	was	noticeable	by	
naked	eye,	with	the	samples	changing	colour	from	the	usual	purple	to	violet,	while	no	
colour	 change	was	 observed	 for	80-AuNPs	 in	 gel	 (vial	 f-h),	which	 indicate	 that	 the	












agglomerated	 dramatically	 after	 dilution	 with	 NaCl	 solution,	 forming	 agglomerates	
with	diameters	of	ca.	1166	nm	(Table	38).	
Table	38:	DLS	values	measured	during	the	study.	Values	are	reported	as	average	±	SD,	n=3.		
	 Ø	(nm)	 PDI	 ζ	(mV)	
AuNPs	t0	 89.14	±	1.38	 0.492	 -18.5	±	1.96	
AuNPs	in	solution	 1166	±	379.3	 0.741	 -8.53	±	0.14	














The	 difference	 between	 solution	 and	 gel	 samples	 was	 even	 more	 apparent	 when	
analysing	the	samples	by	SEM.	As	can	be	seen	in	Figure	126,	80-AuNPs	interacting	with	
the	gel	fibres	are	protected	from	agglomeration	even	if	exposed	to	salt	solution,	while	
in	 solution	 the	 agglomeration	 process	 is	 dramatically	 evident.	 The	 adhesion	 to	 the	
fibres	ensures	that	80-AuNPs	are	maintained	at	sufficient	distance	from	each	other	to	
avoid	the	formation	of	agglomerates.	The	possibility	of	stabilising	80-AuNPs	in	highly	










Steric	 hindrance	 is	 a	 common	 method	 used	 to	 stabilise	 nanoparticles	 and	 involves	
coating	 their	 surfaces	 with	 polymers,	 such	 as	 dextran,	 polyethylene	
glycol292,312,322,343,344,	 biotin345,	 with	 lipids24,271,346	 or	 by	 complex	 surface	
modifications297.	 As	 mentioned	 previously,	 these	 approaches	 have	 been	 shown	 to	
improve	 the	 stability	 of	 certain	 colloids	 in	 simple	 solvents,	 such	 as	 water	 or	 PBS.	
However,	 these	 methods	 show	 limitations	 when	 the	 particles	 are	 surrounded	 by	
complex	media,	 such	as	biological	 fluids296.	 	As	discussed	 in	 the	 introduction	 to	 the	
present	 chapter,	 a	 further	 issue	 that	 needs	 to	 be	 overcome	 when	 designing	
nanomaterials	for	biological	applications	such	as	the	formation	of	the	protein	corona	





and	once	diluted	with	 cell	 culture	medium	(DMEM),	 reproducing	a	 real	 situation	 in	
which,	after	storage,	samples	of	SiNPs	are	prepared	for	biological	assays.		
Synthesis	of	dextran-coated	SiNPs	
SiNPs	 were	 synthesised	 following	 the	 well-established	 protocol	 already	 mentioned,	
covalently	 loading	 in	 their	 matrix	 rhodamine	 B	 isothiocyanate	 (RBITC)	 rather	 than	
FITC	to	better	visualise	the	particles	in	the	epifluorescence	microscope303.	The	silica	






provide	 cell-targeting	 capabilities347.	 It	 is	 a	 water-soluble	 polysaccharide	 and	 some	








Schiff	 base	 (imine)	 is	 a	 reversible	 process,	 therefore	 reduction	 with	 sodium	
borohydride	(NaBH4)	was	necessary	to	form	a	stable	N-C	bond299	(Figure	127).		
	
Figure	 127:	 Representation	 of	 the	 coating	 process	 of	 SiNPs	 with	 40kDa	 dextran.	 The	 coating	 occurs	 after	 the	
activation	 of	 the	 carboxylic	 groups	 of	 the	 dextran	 to	 aldehydes,	 which	 can	 then	 couple	 with	 the	 amino	 groups	
exposed	on	the	NPs	surface.	The	N-C	bound	formed	are	then	stabilised	by	reduction.	




of	 the	 particles	 increases	 only	 slightly	 (160.2	 nm)	 and	 the	 absolute	 value	 of	 the	 ζ	
increased	to	-25.1	mV	as	expected.	The	changes	in	ζ-potential	towards	a	more	positive	
value	 can	 be	 related	 to	 the	 shielding	 of	 the	 negative	 phosphate	 groups	 by	 the	











prepared	 by	 microemulsion	 method	 measured	 by	 DLS	 and	 TEM	 in	 water	 at	 concentration	 of	 0.25	 mg/mL.	
Measurements	are	reported	as	average	values	(n=3)	±	SD.	
	 DLS		 TEM	
	 Ø	(nm)	 PDI	 ζ	(mV)	 Ø	(nm)	
SiNP	 157.0	±	48.2	 0.277	 -32.4	±	0.872	 59.30	±	16	














	 Ø	(nm)	 PDI	 ζ	(mV)	 Ø	(nm)	
SiNP	 157.0	±	48.2	 0.277	 -32.4	±	0.872		 59	±	16	
SiNP-Dex	 160.2	±	29.7	 0.287	 -25.1	±	0.55	 63	±	11	
SiNP-Dex-sol	(1week)	 133.0	±	42.3	 0.238	 -27.5	±	1.84		 109	±	19	










or	 luminescence)	 for	 in	 vivo	 imaging	 applications.	 Importantly,	 the	 nanoparticle	
degradation	effect	was	negligible	for	SiNP-Dex-gel	after	1	week	of	storage	compared	
with	 the	 one	 observed	 for	 SiNP-Dex-sol.	 Therefore,	SiNP-Dex-gel	 will	 presumably	























which	 is	 a	 variation	 of	 EMEM,	 the	 minimal	 essential	 medium.	 Indeed,	 DMEM	 has	




onto	 the	 NPs	 surface	 depending	 on	 their	 positive/negative	 charge	 and	 their	
polar/hydrophobic	chains.	The	diluted	samples	were	kept	at	4°C	and,	after	2,	4,	6	and	
8	hours	of	the	dilution	in	DMEM,	their	colloidal	stability	and	morphology	was	evaluated	
by	DLS,	 TEM	and	optical	microscopy.	On	 analysing	 the	TEM	 images	 (Figure	 129),	 a	







polymer	 matrix	 that	 would	 no	 longer	 fit	 to	 definition	 of	 nanoparticle	 is	 arguably	
accelerated	 with	 SiNP-Dex-sol.	 The	 SiNP-Dex-gel	 also	 experienced	 hollowing	 and	
dissolution	 but,	 after	 8	 hours	 in	 DMEM,	 it	 is	 still	 possible	 to	 recognize	 individual	











can	 be	 reached	 through	 consideration	 of	 both	 the	 size	 and	 zeta	 potential	
measurements.	 Indeed,	 as	 shown	 in	 Table	 41,	 the	 diameter	 and	 charge	 of	 particles	
stored	 in	 gel	 are	more	 stable	 over	 8	 hours	 in	DMEM	 than	when	 the	particles	were	
stored	in	solution.	Prior	DLS	measurement,	samples	were	diluted	with	DI	water	to	a	






	 Ø	(nm)	 PDI	 ζ	(mV)	 Ø	(nm)	 PDI	 ζ	(mV)	
2	hour	DMEM 141.7	±	50.8 0.392 -17.9	±	0.53 128.0	±	24.0	 0.522	 -27.4	±	1.42	
4	hour	DMEM 147.9	±	20.5 0.438 -23.1	±	1.17 166.0	±	64.3	 0.466	 -27.5	±	1.36.	
6	hour	DMEM 186.7	±	86.9 0.243 -25.1	±	2.84 150.8	±	48.8	 0.324	 -25.9	±	2.21	






































them	 fluorescence	 invisible	 and	 b)	 silica	 dissolution	 means	 that	 the	 number	 of	
individual	nanoparticles	was	significantly	reduced,	which	also	reduced	the	probability	
of	forming	agglomerates.		
The	 fluorescent	 appearance	 of	 the	 agglomerates/aggregates	 has	 been	 exploited	 to	
approximately	quantify	 the	 instability	process	 in	each	sample.	The	values	 shown	 in	
Table	42	represent	the	relative	fluorescent	intensity	values	measured	in	the	channel	
for	 each	 sample	 at	 each	 time	 point,	 giving	 a	 quantitative	 indication	 of	 the	
agglomeration/aggregation.	 As	 noticeable,	 this	 analysis	 confirms	 that	 the	
destabilisation	effect	induced	by	complex	medium	(DMEM)	is	reduced	even	if	the	gel	
has	been	broken,	indeed	comparing	the	relative	intensity	values	the	one	related	to	the	








































determining	 their	metabolic	 activity.	 If	 cells	 are	alive	and	metabolically	 active,	 they	
produce	 mitochondrial	 dehydrogenase.	 This	 enzyme	 reduces	 the	 MTS	 reagent	 (a	











were	designed:	 in	 the	 case	of	U-937	 (non-adherent	 cells),	 after	 incubation	with	 the	
samples	 studied,	 the	 MTS	 reagent	 was	 added	 directly	 to	 the	 wells.	 Using	 instead	
U87MG	(adherent	cells),	 the	samples	were	gently	removed	 from	the	plate,	and	only	
after	addition	of	fresh	medium	the	MTS	reagent	was	added.	In	this	way	two	possible	

























chosen	 for	 the	 following	 experiment	 because	 they	 adhere	 well	 to	 surfaces.	 This	




possible	 to	 notice	 that	 the	 Gel	 (grey	 bars)	 induced	 toxicity	 to	 these	 cells	 at	 the	






be	 considered	 non-toxic	 at	 the	 concentrations	 tested	 since	 the	 cell	 viability	 never	
dropped	below	80%	(Figure	134-b).	As	noticeable,	especially	when	treated	with	NP-
sol,	the	cell	viability	value	calculated	is	above	100%	indicating	a	stimulatory/hermetic	






























erythrocytes	 to	 sophisticated	 antigen-specific	 lymphocytes.	 The	 various	 cells	
participate	in	a	vast	array	of	functions,	including	tissue	repair	and	immune	responses	
as	 well	 as	 oxygen	 transport.	 After	 the	 systemic	 injection	 of	 the	 particles,	 they	 can	
interact	with	blood	components	such	as	red	blood	cells	(RBCs)	as	the	major	component	
of	 the	 blood	 cell	 pool	 possibly	 causes	 severe	 aggregation	 and	 haemolysis.	
Haemocompatibility	 tests	are	used	 to	evaluate	 the	possible	adverse	effects	 that	 can	
occur	when	blood	enters	into	contact	with	foreign	materials.		
Two	assays	were	performed	to	evaluate	the	haemocompatibility	of	the	storage	method,	








induced	 by	 the	 samples	 tested	 was	 quantified	 by	 measuring	 the	 release	 into	 the	
surrounding	environment	of	haemoglobin,	which	adsorbs	visible	light	at	535	nm.	The	
haemolytic	 effect	 is	 quantified	 as	 the	 percentage	 of	 the	 effect	 given	 by	 the	 positive	














The	 membrane	 of	 the	 RBCs	 is	 mainly	 negatively	 charged	 due	 to	 the	 presence	 of	
glycoproteins	 and	 phospholipids.	 This	 feature	 makes	 the	 cells	 relatively	 stable	 in	
suspension	since	electrostatic	stabilisation	occurs.	When	positively	charged	particles	
are	 added	 to	 the	 cell	 suspension,	 the	 repulsive	 forces	 fail	 and	 the	 cells	 quickly	
aggregate.	 This	 process	 was	 qualitatively	 (by	 light	 microscopy)	 and	 quantitatively	
(spectrophotometrically)	evaluated	by	incubating	RBCs	with	the	samples	(NP-sol,	NP-
gel	and	Gel)	at	the	tested	concentrations	(between	3.125	μg/mL	up	to	100	μg/mL).	
The	qualitative	 test	 is	 based	on	 the	different	 amount	of	 light	 that	passes	 through	a	
suspension	 of	 well-dispersed	 RBCs	 compared	 with	 a	 sample	 of	 agglomerated	 cells.	
Indeed,	 since	 cells	 scatter	 light,	 when	 they	 are	 well	 suspended	 and	 the	 sample	 is	
analysed	 using	 a	 spectrophotometer,	 only	 part	 of	 the	 light	 will	 reach	 the	 detector.	
Conversely,	 if	the	RBCs	are	agglomerated	in	the	samples,	the	scattering	effect	is	 less	
intense	and	more	light	will	reach	the	detector,	giving	a	higher	absorbance	signal	at	645	
nm.	 Agglomeration	 induced	 by	 each	 sample	 is	 proposed	 as	 the	 difference	 (ΔAbs)	
between	the	absorbance	related	to	the	maximum	agglomeration	event	(measured	from	
the	positive	control)	and	the	signal	measured	for	each	sample,	as	shown	by	equation	1	







with	 rouleaux	 formation,	 but	 the	majority	 of	 the	 erythrocytes	were	 still	 discrete	 in	
suspension;	in	stage	3	almost	all	erythrocytes	were	aggregated	to	big	clusters	and	no	
free	 cells	 remained	 discrete	 in	 suspension.	 Due	 to	 the	 aggregation	 of	 almost	 all	
erythrocytes	in	clusters	(qualitative	analysis:	stage	3),	the	positive	control	(PC)	showed	
the	highest	ΔAbs	value	(0.208	±	0.012)	of	all	samples.	NP-sol	and	NP-gel	as	well	as	Gel	






















test	 (HET)	 is	 accepted	 by	 ICCVAM	 (Interagency	 Coordinating	 Committee	 on	 the	
Validation	of	Alternative	Methods,	a	federal	research	and	regulatory	agency)	as	a	valid	
alternative	 to	 animal	 methods	 to	 scientifically	 evaluate	 the	 health	 and	 safety	 of	
substances.	While	the	HET-CAM	(chick	embryo	chorioallantoic	membrane)351,352	assay	
is	 performed	 by	 implanting	 a	 membrane	 or	 coverslip	 containing	 the	 compound	
evaluated	over	the	chorioallantoic	membrane	through	a	hole	in	the	shell,	the	HET-CAV	
(chick	area	vasculosa)	method	offers	the	advantage	of	observing	the	entire	vascular	
network	and	 the	heartbeat	over	a	 long	period	of	 time.	 In	 this	model,	 the	embryo	 is	
cultivated	outside	the	shell	and,	once	it	has	reached	a	certain	stage	of	development,	the	
sample	can	be	injected	into	the	bloodstream	and	the	effect	induced	can	be	observed	
micro-	 or	macroscopically.	The	 chick	 area	vasculosa	 comprises	 the	 central	 vascular	
region	 of	 the	 vitelline	 membrane,	 which	 extends	 around	 the	 yolk.	 The	 shell-less	































to	 the	shell-less	 incubation	and	variances	 in	biological	 systems.	The	 injection	of	 the	
positive	control	as	expected	(bPEI)	strongly	induced	thrombotic	events	(directly	after	
injection)	what	causes	lethality	in	11/11	eggs	after	1	h.	It	can	be	seen	that	thrombosis	





















directly	 for	 biological	 applications	 after	 reconstitution	 of	 the	 suspension	 and	










it	 back	 into	 a	 viscous	 solution.	 However,	 the	 need	 to	 test	 the	 ability	 of	 the	 new	



















after	30	hours	 the	 gel	 structure	was	not	 even	partially	damaged.	 Interestingly,	 two	
trends	were	observed	when	the	nanoparticles	and	hydrogel	were	combined.	Firstly,	
the	 gel	 stability	 positively	 correlated	 with	 increased	 ζ-potential	 of	 the	 SiNPs,	 and	
secondly,	the	more	hydrophobic	the	dye,	the	more	stable	the	gel	appeared	to	be.	The	
first	 trend	 is	evident	comparing	results	recorded	 for	positively	charged	NP-B-FITC-
NH2	(ζ=	+3.6mV),	which	retained	 its	 self-supporting	gel	 characteristic	even	after	30	











weak	 interactions	 (van	 der	 Waals	 forces,	 hydrogen	 bonds,	 etc.).	 Presumably,	 the	
presence	 of	 positively	 or	 negatively	 charged	 particles	 enhances	 or	 disturbs	 these	

















Figure	 142:	 The	 mechanical	 stress	 study	 showed	 that	 NP-NaFLuo-NH2	 is	 the	 weakest	 gel	 tested.	 A	 possible	












define	 if	 the	concentration	of	particles	 trapped	 into	 the	gel	could	be	varied	without	
losing	the	self-supporting	properties	of	the	gel.	For	study,	NP-A-FITC-NH2	were	used	
as	 example.	 Thanks	 to	 their	 intermediate	 surface	 charge	 and	 the	 fact	 that	 FITC	
covalently	 is	 loaded	 inside	 the	 matrix,	 using	 this	 type	 of	 particles	 only	 the	
concentration	of	particles	was	expected	to	interfere	with	the	gel	stability	and	not	the	
surface	charge	or	dye	leaching.		Following	the	protocol	always	used	for	the	preparation	
of	 gel-samples,	 2.5,	 3,	 3.5,	 4	 and	 4.5	 mg	 of	 NP-A-FITC-NH2	 were	 isolated	 by	
centrifugation	and	formulated	in	the	gel	samples	by	re-dispersion	in	1	mL	of	Fmoc-Gal	















Figure	144:	Different	 concentrations	of	NP-A-FITC-NH2	were	 formulated	 in	gel:	2.5,	3,	3.5,	4	and	4.5	mg/mL	of	
gelator	solution.	After	30	minutes	all	samples	turned	into	gel	without	showing	any	stability	problem.	
Temperature	stability	
To	 guarantee	 the	 stability	 of	 biological	 and	 non-biological	 samples,	 it	 is	 normally	
suggested	to	store	them	under	refrigeration	(approximated	at	4°C).	Although	the	it	is	
possible	to	deliver	samples	under	controlled	temperature	conditions,	the	stability	of	
the	hydrogel	was	evaluated	at	different	 temperatures.	For	 this	particular	 study,	 the	
hydrogel	alone	was	 tested,	without	nanoparticles	 trapped	 into	 the	matrix.	Hydrogel	
samples	 were	 formulated	 following	 the	 same	 procedure	 as	 previously	 and	 the	 gel	
stability	 was	 tested	 at	 4°C,	 room	 temperature	 (R.T.	 c.a.	 25°C)	 and	 at	 37°C,	 which	





















Storing	 nanoparticles	 in	 an	 Fmoc-Gal	 hydrogel	 has	 been	 shown	 to	 be	 an	 effective	
method	 to	 better	 maintain	 mondispersity	 of	 the	 suspension	 and	 to	 preserve	 the	
morphology	and	physic-chemical	characteristics	of	the	nanomaterial.	The	stabilisation	
effect	 obtained	 using	 the	 hydrogel	 is	 remarkable,	 especially	 for	 highly	 unstable	
particles	 such	 as	 positively	 charged	 SiNPs.	 NP-MB-NH2	 in	 particular,	 were	 visibly	
aggregated	 when	 stored	 in	 suspension	 after	 30	 days,	 while	 in	 the	 gel-sample	 the	







When	 the	 method	 was	 evaluated	 with	 more	 stable	 colloidal	 systems,	 AuNPs	 and	
















First	 of	 all,	 since	 the	 intention	was	 that	 the	 sample	 stored	 in	 gel	 could	 be	 used	 for	
biological	applications	directly,	without	further	manipulation,	the	evaluation	of	toxicity	
induced	by	residual	fibres	inevitably	present	in	the	sample	was	claimed	as	necessary.	
In	 vitro	 and	 ex	 ovo	 assays	 were	 carried	 out	 to	 evaluate	 the	 cytotoxicity	 and	
biocompatibility	 of	 the	 samples	 previously	 stored	 using	 the	 proposed	 method.	 All	
assays	 led	 to	 the	same	conclusion,	 i.e.	 that	 the	residual	gel	 fibres	do	not	 induce	any	
toxicity	effect	at	the	concentrations	tested,	proving	the	applicability	of	the	method.		
Secondly,	the	stability	of	the	self-supporting	gel	was	tested	under	different	conditions.	
Very	 often	 the	 laboratory,	 department	 and	 even	 the	 geographical	 location	 where	
nanomaterials	are	produced	is	not	the	same	as	the	one	where	they	are	tested	for	their	
activity	 or	used	 for	 further	 applications.	Therefore,	 samples	need	 to	be	 stable	 even	
















instability	 in	 suspension	 is	 still	 considered	 an	 issue.	 The	 following	 step	 will	 be	 to	
effectively	test	the	method	in	a	real	scenario.	NPs	designed	for	a	particular	application,	




















preparation	 of	 novel	 entities	 with	 specific	 properties,	 with	 control	 at	 the	 atomic,	




with	 use	 of	 nanoscale	 structures	 for	 diagnosis,	 gene	 sequencing	 and	 drug	 delivery.	
Nanotechnology	has	the	potential	to	enable	us	to	learn	about	the	detailed	processes,	




work,	 we	 have	 considered	 two	 important	 aspects	 related	 with	 nanomaterials:	 bio-
application	of	NPs	in	vitro	and	in	vivo	and	their	stability.	Although	distinct,	these	two	











substrates	 are	 commercially	 available	 and	 are	 based	 on	 the	 use	 of	 4-methy	
umbelliferone	(4-MU)	as	switchable	fluorophore.	The	limitations	of	4-MU	were	firstly	
discussed	and	7	novel	alternative	umbelliferone-derivatives	were	synthesised.	Almost	
all	 of	 the	 compounds	 showed	 better	 fluorescent	 properties	 under	 the	 conditions	
required	 for	 biological	 assays	 in	 comparison	 with	 4-MU.	 Compound	1	 was	 further	
modified	to	obtain	the	substrate	β-4-AAUG,	which	showed	to	be	highly	selective	for	the	
specific	 enzyme	 β-glucosidase.	 When	 tested	 in	 bacterial	 experiments,	 the	 substrate	




‘on/off’	 probe	 synthesised	 in	 the	 previous	 chapter.	 The	 goal	 of	 the	 project	 was	 to	
evaluate	 the	 possibility	 of	 enhance	 the	 limit	 of	 detection	 exploiting	 nanoparticles	
properties.	It	was	observed	that	functionalizing	the	NP’s	surface	with	the	fluorescent	
substrates	did	not	afford	significant	 improvements	compared	 to	 the	 free	β-4-AAUG.	
Good	 results	 were	 obtained	 with	 Glu-5-strpt-MNs,	 synthesised	 anchoring	 the	
substrate	5	on	streptavidin-coated	magnetic	particles	followed	by	a	glycosylation	step.	







evaluated.	 Different	 types	 of	 particles	 were	 synthesised	 varying	 the	 ration	 of	 silica	






three	 different	 drug-model	 dyes	 were	 loaded	 inside	 the	 particles,	 by	 covalent	
incorporation	or	by	physical	entrapment.	The	suitability	of	such	particles	for	oral	drug	
deliver	was	evaluated	by	testing	dye	release	and	dissolution	when	incubated	at	pH	4,	








the	 harsh	 conditions	 of	 the	 stomach,	 while	 it	 is	 released	 in	 the	 intestine,	 where	
absorption	 takes	 place.	 While	 the	 release	 profiles	 of	 the	 model	 drugs	 form	 the	
differently	formulated	NPs	was	similar,	there	were	clear	differences	in	the	dissolution	
mechanism.	 FITC-SiNP100TEOS	 degraded	 via	 a	 hollowing	 process,	 while	 FITC-









capable	 of	 preserve	 their	 physico-chemical	 properties	 over	 time	 in	 aqueous	
suspension.	Simply	trapping	the	particles	in	the	matrix	of	a	reversible	hydrogel,	thus	
limiting	the	potential	for	aggregation,	highly	unstable	SiNPs	were	successfully	stored	
for	 long-term	 storage,	 maintaining	 their	 morphology	 and	 monodispersity.	
Additionally,	 it	 was	 observed	 that	 by	 trapping	 the	 particles	 in	 the	 gel	 matrix,	 the	










shown	 to	be	 stable	 in	 the	hydrogel	 even	when	exposed	 to	unfavourable	 conditions,	
such	 as	 saline	 solution.	 Besides	 the	 promising	 results	 obtained,	 further	 studies	 are	





fascinating	 word	 of	 complex	 materials,	 through	 combining	 nanoparticles	 with	
hydrogels	and	by	the	possibility	of	changing	behaviour	and	properties	of	materials	only	
through	minor	changes	in	its	formulation.	It	would	be	interesting	to	design	libraries	of	
new	 nano/micro-products	 characterizing	 their	 properties	 and	 find	 for	 them	 an	
application	accordingly	to	the	result.		
Considering	this,	as	future	research-prospects,	I	would	like	to	deeper	investigate	the	
potential	 in	 the	 combination	 of	 both	 nano-	 and	 soft	 materials:	 the	 tunability,	
responsiveness	and	hydrogel’s	biocompatibility	on	one	hand	and,	on	the	other	hand,	














Nanomedicine	 is	 undoubtedly	 a	 promising	 field.	 There	 are	 many	 advantages	 in	
nanotechnology	 when	 applied	 in	 medicine,	 as	 discussed	 in	 Chapter	 1.	 However,	 it	
appears	evident	 that	biocompatibility	and	 the	efficiency	of	 the	nano-products	when	
used	in	vivo	is	still	a	challenge.	Many	intricate	nanomaterials	have	been	designed.	They	
are	often	 characterised	by	 complicated	 and	ambitious	 architectures	 and	 sometimes	
uncertain	 applications.	 Some	 of	 them	 fail	 the	 preliminary	 studies	 or	 are	 not	 stable	
under	the	required	conditions.	In	other	cases,	nano-products	succeed	in	their	aim	when	




It	 is	 worth	 recognising	 that	 the	 in	 vivo	 limitations	 of	 nanotechnology	 no	 longer	






analysis	 of	 human	 samples	 such	 as	 blood,	 urine	 and	 sweat.	 Therefore,	 the	 main	
limitations	are	the	interference	of	other	species	present	in	the	same	sample	and	the	
low	 concentration	 of	 the	 analyte.	 The	 NP’s	 properties	 allow	 to	 increase	 the	
sensitivity/selectivity	 of	 the	 recognition	 event	 and	 it	 has	 often	 been	 exploited	 to	
amplify	the	signal	reached	when	detection	occurs.		
Personally,	I	see	greater	potential	in	nanotechnology	applied	for	the	development	of	
diagnostic	 devices	 rather	 than	 for	 in	 vivo	 applications.	 I	 have	 been	 inspired	 by	
observing	the	variety	of	impressive	sensing	devices	that	have	been	developed	in	recent	
years,	 either	 by	 reading	 about	 published	 works	 or	 from	 attending	 international	
conferences.	The	research	effort	in	the	field	is	supported/pushed	by	relevant	industrial	
investment,	where	the	interest	is	obviously	more	concrete	and	realistic.	Investors	from	






Their	 priority	 is	 to	 launch	 the	 new	 personalized	 wearable	 devices	 (e.g.	 watches,	
bracelets)	 to	monitor	 overall	wellbeing	 (e.g.	 how	your	 body	 feels,	what	 you	 should	
drink	and	for	how	long	you	should	walk).	However,	it	is	clear	that	over	the	last	decade	
society	has	moved	further	into	the	belief	that	‘prevention	is	better	than	cure’,	which	is	













































































































































































































































































































































































































































































































































































































After	 the	 first	 step	 of	 functionalisation	 all	 particles	 were	 intensively	 washes	 with	









was	 accomplished	 by	 measuring	 the	 absorbance	 at	 340	 nm	 after	 treatment	 with	 a	






mixture	 allows	 the	 production	 of	 NADH	 which	 is	 quantified	 by	 measuring	 the	








unbonded	 glucose	 in	 the	 supernatant	 indicated	 that	 it	 was	 completely	 removed	 after	 the	 first	 wash.	 The	













Table	 A-1:	 Quantification	 of	 the	 corresponding	 fluorophores	 on	 the	 surface	 of	 each	 particles	 by	 method1	 and	
method2	
	 Glu-5-strpt-NPs,	 Glu-6-AuNPs	 Glu-7-SiNPs	
Method	1	 1.2	µmol/mg	 0.12	µmol/mg	 0.46	µmol/mg	
Method	2	 0.73	µmol/mg	 0.074	µmol/mg	 0.067	µmol/mg	
Average	 1.965	µmol/mg	 0.097	µmol/mg	 0.264	µmol/mg	
	
A2.6	Glu-7-SiNP:	results	of	bacterial	experiment	

































































































































































































13C-NMR	 spectrum	 of	 compound	 8	 (β-4-AAUG):	 13C	NMR	 (101	 MHz,	 DMSO-D6)	 δ	
170.17	(C-Ar),	160.79	(C-C),	160.51	(C-C),	155.17	(C-Ar),	149.89	(C-Ar),	127.12	(Ar-







































































































































































































































































13C-NMR	 spectrum	 of	 compound	 5:	 13C	 NMR	 169.74	 (C=O),	 163.33	 (C=O),	 161.92	
(C=O),	 160.72	 (Ar-OH),	 155.62	 (C=C),	 150.23	 (Ar-C),	 127.24	 (Ar-H),	 113.60	 (Ar-H),	
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coumarin	 methoxy	 acetic	 acid)(1):	 7-hydroxy-4-coumarin	 acetic	 acid	 (1	 g,	 4.54	
mmol)	was	dissolved	 in	methanol	 (200	mL).	 Thionyl	 chloride	 (1.47	ml)	was	 added	
under	stirring	at	0°C	for	a	while,	then	at	room	temperature.	The	reaction	was	left	react	





















vacuum	to	obtain	a	brown	oil,	which	was	suspended	 in	EA	and	after	 sonication	 the	













compound	1’	 (0.415	 g,	 0.73	mmol)	was	 suspended	 in	 dried	methanol	 (30	mL)	 and	
stirred	for	a	couple	of	minutes	under	dinitrogen	atmosphere.	Sodium	methoxide	(0.238	
g,	4.4	mmol)	was	 solubilised	 in	dried	methanol	 (10	mL)	and	added	 to	 the	 reaction.		
After	 4	h	 of	 stirring	under	nitrogen,	 the	 solution	was	neutralised	 and	 concentrated	






































































Figure	 146:	 Example	 of	 calculations	 required	 for	 the	 determination	 of	 molecule	 of	 FITC/SiNP.	 The	 calculations	
require	the	assumption	that	the	density	(ρ)	of	one	SiNP	is	2.4	g/cm3	as	reported	elsewhere2,3	
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